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INTRODUCTION 
The cereal rusts are obligate parasites and. as such, can 
complete their growth and development only on the host plant. 
The spores will germinate on simple substrates such as water, 
gelatin, or agar, so that investigators have studied the fac­
tors affecting germination under these conditions. A common 
problem associated with these investigations has been the var­
iability in spore germination (9, 15, 19, 4-3). The variability 
was attributed to the presence of an endogenous inhibitor in 
the uredospores of Pucclnla gramlnis Pers. f. sp. tritici 
Erikss. and E. Henn (1). Later the inhibitor was reported in 
spores of Uromyces phaseoll var. typica Arth. (7) and Puccinia 
sorghi Schw. (38)• The inhibitor becomes a serious problem 
when spores are used in dense populations as in investigations 
of metabolic changes associated with germination. At the time 
the present study was begun, the evidence for an inhibitor in 
the spores of Puccinia coronata Cda. var. avenae Eraser and 
Led., was questionable (22). Therefore, a study was made of 
germination in dense suspensions of uredospores of this rust. 
The purpose of the study was to elucidate the role of inhibi­
tion in germinating uredospores, to determine the cause of 
this inhibition, and to find ways of overcoming it. This was 
essential if work was to be done on the metabolic changes 
associated with the germination of rust spores. In addition 
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to the research on self-inhibition, the effects of some meta­
bolic inhibitors on spore germination were tested. This work, 
although of a preliminary nature, was in part, a continuation 
of a study reported by Couey and Smith (10). 
The thesis results are divided into four sections. The 
first two sections are concerned with the problem of an endog­
enous inhibitor in the spores. However, they differ in the 
spore density employed to test germination after a particular 
treatment had been administered. Therefore, the material was 
separated on the basis of the spore density used in the exper­
iments. The studies using conditioned spores are placed in 
the first section and the inhibitor assays in the second sec­
tion. The third section is restricted to respiration measure­
ments of inhibited and non-inhibited spores. The last section 
deals with the effects of metabolic inhibitors on spore germi­
nation. 
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REVIEW OP LITERATURE 
Uredospore Germination 
The uredospore germinates in a droplet of water and the 
germ tube grows at random on the leaf surface until it enters 
a stoma. At the time of entry the tip of the tube swells, 
forms an infection peg, and grows through the stomatal aper­
ture. In the stomatâl chamber the infection peg gives rise to 
a half-moon shaped structure with an off-centred septum. 
Hypahae grow from the ends of this substomatal vesicle and 
ramify throughout the intracellular spacés of the parenchyma­
tous tissue. When a hyphal tip contacts a parenchma cell it 
swells, the two nuclei divide, and a septum forms to wall off 
a terminal cell. This is the haustorium mother cell. Inva­
sion of the host cell is by means of a fine pore that forms in 
the walls of the host cell and the closely appressed haustorium 
mother cell. The contents of the fungus pass into the host 
cell forming the haustorium. Hobbs (32) has described the 
stages associated with infection of the oat leaf by germinat­
ing spores of P. coronata. Hurd-Karrer and Rodenhiser (34) 
were the first to describe these structures on nutrient agar 
for six rust species including P, coronata. Emge (18) reported 
that by the appropriate control of light and temperature, all 
of the structures associated with the invasion of the host can 
be induced to form in vitro without the addition of a substrate. 
4 
Factors that Influence Uredospore Germination 
It is generally agreed that a free water surface is ne­
cessary for uredospore germination (17). Doran (13) observed 
that aeciospores of Gymnosporanglum clavlceps germinated as 
well on a dry slide in a saturated atmosphere as they did on a 
water droplet. However, in experiments of this type it was 
possible that water droplets condensed on the glass slide in 
the moist chamber. The optimum temperature for germination is 
more variable than the moisture requirements. For P. coronata 
it is 17 - 22°0 (21, 33, 43). It can range from 10 to 22*0 
depending upon the species (13, 17, 75). Rust spores will 
germinate readily in the dark or in the light although full 
sunlight causes some reduction in germination. Most workers 
agree that the ultraviolet light is the wave length responsible 
for the inhibition in sunlight (14, 76, 77, 78)• The first 
extensive study of pH effects on spore germination were done 
by Hursh (35) on two forms of P. gramlnls tritici. An acid-
phosphate buffer combination was used to cover the pH range of 
2.5 to 8.0. Germination was optimum at pH 5.0 to 6.0 for one 
form and 4.0 to 6.0 for the other form. Anderson (4) reported 
optimum germination at pH 6.2 on Clark and Lubs buffers for 
spores of P. graminis tritici. Forbes (21) used Clark buffers 
to check germination response of P. coronata uredospores to pH 
and found the optimum to be 6.7. In i960 Couey and Smith (10) 
made an extensive study of the pH on germination of P. coronata 
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uredospores. On unbuffered whole gelatin, germination was 
maximum at pH 6 to 7.5. Recently Sharp and Smith (60) and 
Couey and Smith (10) have shown that spore germination and 
germ tube development in P. coronata could be controlled by 
the zinc concentration in the medium. These authors hypothe­
sized the hydrogen and zinc ion toxicity they observed under 
certain conditions was caused by displacement from the spore 
surface of native cations that were necessary for germination. 
A brief description has been given of the spore germina­
tion process on the host plant. This was followed by a dis­
cussion of some of the major factors affecting spore germina­
tion as they have been reported in the literature. It is now 
intended to cover the literature directly pertaining to the 
subject matter in the four major sections of the thesis. 
Germination of Stored Spores 
A variety of storage conditions have been reported in the 
literature. The early workers were concerned with germination 
as determined by the conditions of storage. Hoerner (33) re­
ported that P. coronata uredospores taken from dried herbarium 
specimens of oat plants were viable after 87 days. Spores of 
the same rust were viable after 300 days if the infected leaves 
were stored at a temperature of 5 to 10°0 and a relative hu­
midity of 25 to 50 percent. Peltier (45), and Rosen and 
Weetman (51) recommended 10°0 and 49 percent relative humidity 
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as the optimum conditions for storing P. gramlnls tritici 
uredospores on wheat leaves. The usual method of storage was 
in vials at low temperatures and moderate relative humidities. 
Gibson (27) observed that dry spores of Pucclnla antlrrhinlm 
Diet, and Holw. germinated 25 percent after 71 days storage in 
a cool room. Maneval (4o) maintained viable uredospores of 
several rusts for periods of 89 to.180 days in a cool room at 
a moderate humidity. In the same study P. coronata spores re­
mained viable for 149 to 164 days. It should be mentioned 
that the germination of these viable spores was as low as 5 
percent at the end of the test. Raeder and Sever (48) stored 
several species of rusts for periods of 120 to 128 days at a 
temperature of 9 to 13°C and a relative humidity of 49 percent. 
Forbes (21) recommends a temperature of 10*0 for storage of P. 
coronata uredospores. The spores germinated 8 percent after 
413 days in storage. From these studies it seems that 10*0 
and approximately 50 percent relative humidity are the recom­
mended conditions for long term storage of the rust spores. 
The germinability of these spores was usually quite low by the 
end of the storage period. In recent years emphasis has cen­
tered on the germination of stored spores as affected not only 
by the conditions of storage, but also by the conditions im­
posed upon the spores immediately after storage. Of special 
interest has been the physiological responses invoked in the 
spores by the storage and after storage treatments. This 
7 
interest was stimulated when Sharp (58) and Sharp and Smith 
(59) reported a successful method for preserving P. coronata 
spores of high viability over long storage periods. Lyophil-
ized spores of some field collections were stored for periods 
of 24 to 65 months with little loss in viability provided the 
spores were exposed to a saturated atmosphere of water vapour 
in a moist chamber before being germinated. Without the moist 
chamber treatment the spore germination was usually quite low. 
Sharp and Smith (59) attributed the low germination of lyo-
philized spores to a mechanical injury caused by the rapid 
uptake of water when they were placed on a free water surface. 
Howell (56) gave a similar explanation for the observed low 
germination of old, air dried, or lyophilized uredospores of 
P. gramlnls tritici when transferred directly to water. How­
ever Rowell (56) improved the germination by dispersing the 
spores in a drop of oil before transferring them to water. 
Massey et al. of Fort Detrick, Maryland, agreed in a personal 
communication (1957) that absorption of water may be an impor­
tant factor in the increased germination under certain condi­
tions. Under other conditions they credit the increased 
germination after a moist chamber treatment to a loss of an 
endogenous inhibitor from the spores. Haskins (30) attributed 
the enhanced germination of lyophilized spores to the removal 
of an inhibitor. Leathers (37) compared the survival of 
rehydrated and non-rehydrated P. graminls tritici spores dusted 
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onto wheat leaves and stored at 75° F and 40 percent relative 
humidity. Freshly collected spores were used in the compari­
son. The rehydrated uredospores retained germinability at a 
higher level and for a longer period of time than non-rehy-
drated spores. This author suggested the prolonged, superior 
germination of the rehydrated spores could be caused by the 
loss of an inhibitor. 
Self-inhibition of Uredospore Germination 
Several references found in the literature attest to the 
germination variability of Puccinia spores in vitro (2, 9» 15, 
43). Doran (12) attributed the variability to spore age and 
vigour, or a low oxygen supply in the water droplet upon which 
the spores were germinated. The first indication that a factor 
inherent in the spores could influence the germination appeared 
in some observations on P. coronata by Melhus and Durrell (43). 
These workers noted that spores germinated 42 percent in Van 
Tiegham cells sealed with vaseline and only 19 percent if the 
vaseline was absent. When paraffin oil was substituted for 
vaseline the germination was 92 percent as compared to 22 
percent in the absence of the oil. Allen (1) was the first 
to demonstrate an inhibitor in Puccinia spores. He observed 
that freshly collected spores of P. gramlnls tritici reached 
maximum germination in a few hours if tested at low spore den­
sities. If the spores had been in storage several days it 
took almost a day for the spores to reach maximum germination. 
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Furthermore, as the spore density was increased in the germi­
nation dish germination decreased. With relatively high spore 
densities germination was zero. In sealed vessels, the germi­
nation was low at any spore density. Allen attributed these 
results to an endogenous inhibitor produced by the germinating 
spores. He was able to get a water extract from the spores 
that inhibited the germination of other spores. Moreover, 
once the inhibitor had been extracted from a batch of spores 
these spores germinated equally well in high or low densities, 
and In open or closed vessels. The inhibitor has been reported 
in several Puccinia species. LeRoux and Dickson (38) found it 
in uredospores and aeciospores of P. sorghl. Bell (7) re­
ported it in uredospores of Uromyoes phaseoli var. typioa. In 
1959 flakato et al. (44) extracted a substance from dead uredo­
spores of P. coronata that inhibited the germination of other 
spores. It remains to be seen whether or not extraction of a 
similar material from live spores will remove the self-inhibi­
tion displayed by these spores when germinated in a high spore 
density. Forsyth (22) identified the inhibitor as 2-methyl-
butene-2 on the basis of absorption spectra in the 2000 to 
3000 Angstrom range. Wilson (80) reported aspartic and 
glutamic acid caused the self-inhibition in uredospores of U. 
Phaseoli var. typlca. Bell (7) has partially purified an 
inhibitor from spores of the same rust. According to Bell the 
inhibitor is not glutamic, aspartic, or malonlc acid. The 
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inhibitor is volatile and fairly unstable so that to date no 
one has positively identified the active substance. 
There are three general methods in use at the present 
time to overcome the self-Inhibition in rust spores. One 
method is to expose the spores to a saturated atmosphere of 
water vapour in a moist chamber. This has been interpreted by 
Massey et al. of Fort Detrick, Maryland, in a personal com­
munication (1957), as depleting an inhibitor in the spores. A 
second method is to wash the inhibitor from the spores with 
water. This is in effect what Allen (2) did to improve the 
germination of a large population of spores floated on water. 
The third method consists of floating the self-inhibited spores 
on chemical stimulators. Forsyth (22) overcame the inhibition 
in P. graminis tritici uredospores by germinating them in the 
presence of silver nitrate, acetone, or ammonia. The silver 
nitrate was not always effective. Allen (1) and French et al. 
(25) could overcome self-inhibition in P. graminis tritici 
spores by using a volatile component isolated from the spores 
themselves. This fraction was distilled from crude inhibitor 
extracts. French and Weintraub (26) have identified the stim­
ulator in the distillate as pelargonaldehyde. The ability of 
pelargonaldehyde to overcome self-inhibition in P. graminis 
tritici has been confirmed by Parkas et al. (20). Van Sumere 
et al. (73) have identified several compounds in the uredo­
spores of P. fl-ramlnlH tritici. Some of these were tested and 
11 
found to overcome the self-inhibition displayed by spores ger­
minated in high densities. The more promising were coumarin, 
0-coumaric acid, protocatechuic acid, umbelliferone, and 
daphnetin. Indoleacetic acid while not a constituent of the 
spores was also a stimulant. Other compounds not necessarily 
constituents of the spores have been successful in overcoming 
the self-inhibition. Atkinson and Allen (5) stimulated germi­
nation of P. graminis tritici spores at high density with an 
extract obtained from cotton. The active agent has not been 
identified although appears to be non-ionic, contains keto 
groups and methyl groups, and absorbs at 285 mP in ultra­
violet light. Parkas and Ledingham (20) stimulated germina­
tion of spores of the same rust with a water extract from a 
Seitz filter. In 1961 French (24) reported that several ter-
penes and related compounds stimulated uredospore germination. 
Many of the chemicals tested were more effective than pelar­
gonaldehyde in reversing the inhibition shown by spores at 
high density. It can be seen that a wide variety of apparently 
unrelated compounds can remove the inhibition displayed by 
rust spores when germinated in a high spore density. 
Spore Respiration 
Bumerous references can be found in the literature con­
cerning the respiration of the host and changes in the respira­
tion after infection and establishment of the parasite. Very 
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little work has been done on the respiration of the spores. 
Investigations have been thwarted to a degree because of the 
low germination of the spores In the flasks. The low germina­
tion has been attributed to an Inhibitor produced by the 
spores. It was natural, then, for some Investigators to com­
pare the respiration of inhibited and non-inhibited spores. 
In effect, this was a comparison of the respiration rates of 
non-germinated and germinated spores. A second object of 
respiration studies in the rusts was to learn more about the 
substrate requirements and the metabolic pathways associated 
with spore germination. The rusts, while obligate parasites, 
have been cultured in vitro to a limited extent (11). By 
testing known intermediary metabolic compounds on respiration 
more could be learned about the substrate requirements of the 
germinating spores. By the use of metabolic inhibitors it 
should be possible to learn something about the metabolic 
pathways operative in the rust spores. The literature dealing 
with rust spore respiration will be discussed under two topics, 
fhe first will deal with respiration as affected by the inhib­
itor in rust spores. The second topic will be a review of the 
metabolic pathways known to be present in rust spores and the 
evidence for their existence. 
In 1955 Forsyth (22) reported that 2 mg weights of spores 
germinated 5 to 10 percent in Warburg flasks. One exception 
was an unknown race of P. graminis tritici that germinated 50 
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percent. P. coronata uredospores were included in the test. 
By contrast the same weight of spores germinated 90 to 95 
percent in open Brlenmeyer flasks. The total oxygen uptake 
for a 3.5 hour respiration period varied and this was attri­
buted to the variable germination percentages of the spores. 
Shu et al. (63) published results a year later that were not 
in accord with Forsyth's observations on the respiration of 
germinated spores. They compared the respiration of non-
germinated spores with that of 3 day old germinated spores and 
found that on the same ungerminated spore weight basis the 
magnitude of the respiration and the respiratory quotients 
were approximately the same for ungerminated and germinated 
spores. Shu et al. (63) germinated the spores in a tightly 
covered glass pan and then measured the respiration in Warburg 
flasks. Apparently the germination was high because they made 
no mention of a chemical treatment to overcome self-inhibition. 
However, Parkas and Ledingham (20) noted that the spore res­
piration rate on water was low initially and showed a steady 
decrease with time to almost zero rates in 16 hours. In the 
presence of pelargonaldehyde, coumarin, or 2,4-dinitrophenol, 
the initial rates were higher, and these were maintained for 
several hours before they started to decrease. These com­
pounds overcame the inhibition of germination when tested on 
large spore populations. Several fatty acids including pro­
pionate and butyrate were also effective in stimulating spore 
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respiration and in removing the germination inhibition. The 
authors suggested the chemical stimulators were effective in 
overcoming a block in the metabolism of fats. 
Lipids constitute about 20 percent of the uredospore 
fresh weight (63). Pats are considered to be a substrate 
utilized by respiring spores. This was based on the measured 
respiratory quotients which suggested a fat metabolism (20, 
23, 65) and the fact that respiration rates increased as the 
length of the fatty acid chain was increased from acetate to 
valerate (20, 23). This was true for field, greenhouse, and 
growth chamber collected spores (49). In recent years the 
fatty acid composition has been determined for spores of sev­
eral rust species (23, 69» 70). Less is known about the other 
pathways operative in rust spores. Shu et al. (63) tested a 
variety of commercially available glycolytic intermediates on 
spore respiration without effect. Several enzyme inhibitors 
were tested on spore respiration and cyanide, azide, and 
arsenite were found to be the most effective. These authors 
concluded on the basis of chemical analysis of spore contents 
and the inhibitor studies that the spore contained a fat meta­
bolizing system. A succinic dehydrogenase and a cytochrome 
system were thought to be active. They concluded that the 
glycolytic enzymes were probably inactive during spore germi­
nation. Later Shu and Ledingham (61) demonstrated activity 
of several carbohydrate metabolizing enzymes in the cell-free 
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extracts of rust spores. Shu et al. (62) reported that whole 
uredospores utilized exogenous carbohydrates, lipids, and 
amino acids, but the carbon dioxide produced from these sub­
strates was only a small part of the total carbon dioxide 
respired. Oaltrider (8) has identified several enzymes in 
spore extracts that were operative in the glycolytic pathway. 
Identification was by spectrophotometrie and chemical analysis. 
White and Ledingham (79) recently have established the opera­
tion of cytochrome c as the terminal electron acceptor in 
spore extracts. There seems to be little doubt now that gly­
colysis is operative in rust spores but the complete sequence 
of events has not been fully demonstrated at present (8)• 
Gottlieb and Oaltrider (28) have identified isocitritase 
in the rust spores and are now looking for malate synthetase. 
Demonstration of these enzymes in rust spores would be inter­
esting because it would relate fat metabolism to carbohydrate 
synthesis. Chemical analysis of germinated and ungerminated 
spores indicate that carbohydrates arise from fats and pro­
teins. Shu et, âi* (63) compared the lipid, protein, and 
carbohydrate content of non-germinated spores with that of 
6 day old germinated spores. Lipids and protein content de­
creased and chitin increased following germination. Mannan 
and polyglucose did not change appreciably. Oaltrider (8) 
reported the amount of carbohydrates increased and fatty acids 
decreased during the first 6 to 12 hours of germination. 
These observations support the interpretations of Parkas and 
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Ledingham (20), based on pelargonaldehyde stimulation of su­
crose and fatty acid respiration, that in the early stages of 
germination spores metabolize fats, but later on this changes 
over to a carbohydrate metabolism. 
The Krebs cycle has been identified in the spores of 
three rusts by Staples (65, 66). Existence of the cycle was 
based on several lines of evidence. The non-keto acids were 
identified in P. graminis tritici and Pucclnla recondita Rob. 
and Desm. Succinate, but not citrate or fumarate fed to ger­
minating spores increased oxygen uptake. After short time ex­
posures to labelled bicarbonate, activity appeared in the 
Krebs cycle intermediates of P. recondita and U. phaseoli. 
This plus the fact that succinate and fumarate were precursors 
for all the Krebs cycle acids was cited as evidence for the 
presence of the cycle in these rusts. 
Function of Cations in Germination 
In the past 20 years attention has been given to the part 
played by cations located on the surface of single celled 
organisms that function in germination and respiration of the 
cell. For purposes of this discussion the surface will be 
taken as that barrier to diffusion located between the cell 
cytoplasm and the external aqueous medium. 
McCalla (4-1, 42) reported that cation exchange could 
occur at the surface of bacterial cells. The cations could be 
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ranked in order of affinities for the cell surface. The ab­
sorbed cations could be replaced by cations higher in the 
series, by methylene blue, and by hydrogen. The toxic cations 
inhibited growth of the cells, but if they were removed by 
combining with a chemical to which they had a greater affinity 
than the cell surface, growth was restored. Rothstein (52, 
53) has identified surface localized enzymes on living yeast 
cells. The enzymes participated in glucose metabolism. Addi­
tion of uranyl ion which was known to act at the cell surface 
inhibited the incorporation of glucose. The ion was thought 
to inhibit by complexing with phosphorylating enzymes on the 
cell surface (54). Sussman and coworkers (39» 67» 68) have 
studied cation effects on the germination and respiration of 
ascospores of Neurospora tetrasperma Shear and Dodge. Meth­
ylene blue, and several cations were bound by the cell surface. 
The cations could be arranged in order of affinity for the 
cell surface, in the same manner as those reported for bacte­
ria by McOalla (41). Ethylenediametetraacetic acid (EDTA) 
inhibited germination and respiration of activated ascospores 
germinated in distilled water. The EDTA inhibition could be 
reversed by addition of calcium or magnesium ions. The authors 
attributed the EDTA toxicity to the irreplaceable removal of 
essential cations from the cell. However, EDTA may be impli­
cated in chelating surface bound cations associated with ger­
mination. Sharp and Smith (60) reported that a zinc concen­
18 
tration of 14 to 18 ppm reduced the germination of P. coronata 
uredospores at pH 6.2 to 6.6. Oouey and Smith (10) confirmed 
these results and further observed that calcium and magnesium 
ions could antidote this toxicity. It was proposed that cal­
cium, and magnesium, or similar cations may be constituents 
of surface-localized enzymes and that the hydrogen and zinc 
ions act by displacing the native cations. The possibility of 
surface localized sites on rust spores that are active in ger­
mination is a new approach to the study of rust spore physi­
ology. 
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MATERIALS AND METHODS 
Collection and Storage 
Mixed races of Puccinia coronata Cda. var. avenae Fraser 
and Led. were used in the present study. The field spores were 
a mixture of races, mainly 202 and 203 collected from oat plants 
grown in field plots at the agronomy farm. Some of the field 
spores from the previous summer were used each winter as inoc­
ulum for infection of plants in the greenhouse. Consequently 
each greenhouse spore collection contained more than one race. 
Uredospores were obtained from both field and greenhouse 
plants. In the field the spores were collected from artifi­
cially inoculated spreader rows of oats, variety Markton. The 
uredospores were collected by two methods. One method con­
sisted of shaking the infected leaves over an enamel tray so 
that the spores drifted into the tray. An alternative method 
was collection by means of a vacuum cleaner hooked to a porta­
ble generator. During the months of November through April it 
was necessary to raise spores in the greenhouse. These spores 
were collected from artificially inoculated oats, variety 
Markton, by shaking the infected plants over a sheet of heavy 
duty aluminum foil. The freshly collected spores were sifted 
through a number 100 (pore size 149 microns) then a number 200 
(pore size J4 microns) U. S. standard sieve to remove extrane­
ous material. When cleaned, and within 2 hours of being col­
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lected, the spores were placed In cold storage. 
Spores collected In the summer of 1957 and the winter of 
1958 were stored ly cork stoppered glass bottles at 5 to 10*0. 
Subsequent collections were stored at 5 to 10*0 and approxi­
mately 60 percent relative humidity. The humidity was main­
tained by a saturated aqueous solution of CaOlg'SEgO in the 
bottom of a sealed dessicator. Bach collection was assigned 
a number consisting of the letter F for field or G for green­
house followed by the day, month, and year the spores were 
collected. 
The uredospores used in this study were cold storage 
spores. The length of time the spores were in storage prior 
to use in an experiment varied from 1 day to approximately 365 
days. For experiments on the effect of a moist chamber treat­
ment on spore germination the entire range of spore ages was 
tested. In the other experiments the spores were approximate­
ly 1 to 180 days old and displayed high germlnability. The 
storage age of the spores was Indicated either in the tables 
or, in the text, if this factor was thought to have a bearing 
on the interpretation of the results. 
Germination Conditions 
Unless otherwise indicated, the spores were germinated in 
small petri dishes having a diameter of 5 cm and a depth of 
1.5 cm. Three millilitres of 3 percent Difco water gelatin, 
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1 percent Difco water agar, or water, were used as germination 
media. Germination of the spores was comparable on all three 
media. Gelatin or agar were preferred over water for making 
spore counts. On water, the spores would move due to convec­
tion currents set up in the dish from the heat of the micro­
scope lamp. This could be circumvented in most experiments by-
removing the water prior to counting the spores. Bie liquid 
was poured out, or removed with a pipette. In both cases 
rotating the dish transferred the spores from the liquid sur­
face to the bottom of the dish where they held fast while the 
liquid was removed. In others the counts had to be made with 
the spores on the germination fluid. The initial pH of the 
gelatin, agar, or water was 5.2 to 6.5 and although it in­
creased during germination of the spores it never exceeded 
7.5. On whole gelatin, spore germination was not limited by 
pH over the range of 5.0 to 9.0 (10). 
The spores were applied to the dishes by one of two 
methods. In the case of low spore densities (trace amounts), 
the addition was made with a camels hair brush. The petri 
dish was covered by a glass cylinder that was open at one 
end to enclose the dish and had a hole about one-half inch in 
diameter at the opposite closed end. The cylinder was about 6 
inches high. A small load of spores was removed from the 
storage bottle on the tip of the brush which was then tapped 
gently over the hole in the glass cylinder. The spores 
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drifted down onto the medium in the petri dish. By this 
method dishes could be dusted rapidly with a small number of 
relatively well dispersed spores. If a high spore density was 
required for an experiment, the desired weight of spores was 
added to the germination dish followed by the water. The 
spores were spread in an even layer over the water surface 
with a small wire loop. All spore germination tests were con­
ducted in the dark at 20 to 21°0 unless stated otherwise. The 
germination period was approximately 12 hours. This was suf­
ficient time for maximum germination to be reached by small 
spore numbers on any of the three media. A spore was con­
sidered to have germinated if the germ tube length equalled 
the spore diameter. With this combination of temperature and 
germination time bacterial colonies did not appear on the 
plates even though the spores or media were not sterilized. 
However, the agar or gelatin was always steamed for 20 to 30 
minutes in dissolving it in water. Each treatment was repli­
cated 3 or 5 times unless otherwise indicated. Five counts 
were made per dish, making a total of 15 or 25 counts for a 
treatment. The counts were made at 100X magnification with a 
binocular microscope, and all spores were counted in the field 
under observation in the case of a low spore density. When a 
high spore density was being checked for germination the 
spores were counted in the 4 corner squares and the centre 
square of a grid placed in the ocular eyepiece of the micro­
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scope. This was done at 5 places on the dish and the results 
recorded as 5 counts per plate. This made 15 or 25 counts per 
treatment, as with low spore densities. The counts were re­
corded as the ratio of germinated spores over total spores 
counted. The total number of counts for a treatment were 
averaged and presented as the percentage germination in the 
thesis. 
Conditioning Treatment 
Approximately 5 mg of dry spores from storage were spread 
across the bottom of small glass cups which were placed in a 
moist chamber. The cups were 2 cm in diameter and 1.5 cm deep. 
The moist chamber was a desslcator containing an inch or so of 
distilled water in the bottom. The ground glass joint was 
sealed with a film of water. Once the spores had been placed 
in the chamber the latter was held at 20 to 21*0 in the dark 
for 12 to 24 hours. After this treatment the cups were re­
moved and the spores were dusted onto previously prepared 
gelatin, agar, or water. Spores that had been conditioned for 
24 hours were moist and would not dust evenly over the germi­
nation medium. This could be overcome by exposing the spores 
to the room atmosphere for 10 to 15 minutes to dry. This 
"drying" treatment did not reduce the germination of the con­
ditioned spores. 
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Inhibitor Studies 
Much of this work was exploratory in nature so that the 
materials and methods are described with the specific experi­
ments. However, some general methods were used and these will 
be described below. In the tests for an inhibitor, open and 
sealed petri dishes were employed. An open dish was one in 
which the loosely fitting top was on the dish. To prevent 
water loss from the dishes they were placed in a crisper, or a 
large beaker of water was placed in the temperature controlled 
germination chamber. These methods gave comparable results. 
The petri dishes were sealed by wrapping them in aluminum foil 
then replacing the cover. This formed a good seal which if 
not air tight, at least considerably reduced diffusion of any 
volatile substance out of the dishes. In some experiments 
Conway cells were used to study the self-inhibition phenomenon. 
These cells contained a central ring into which spores could 
be placed and an outer ring into which volatile chemicals or 
trapping agents could be placed. The cells had ground glass 
rims. ,They were sealed with a glass plate and stopcock grease. 
In one experiment a modified Conway cell was used. This con­
sisted of a small glass cup placed in a weighing bottle. The 
cup served as the inner ring and the interior of the bottle 
served as the outer ring. A few experiments, particularly 
those associated with inhibition across an air gap were done 
with Van Tiegham cells. The cells were sealed with a cover 
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slip and stopcock grease unless stated otherwise in the text. 
The petri dishes and the Oonway cells were 6 cm in diam­
eter and 1.5 cm deep. The inner ring of the Oonway cell was 
approximately 1.5 cm wide and 0.7 cm deep. The Van Tiegham 
cells were 2 cm in diameter and 2 cm deep. The modified Oon­
way cells were weighing bottles 3 cm wide and 5 cm deep. The 
glass cups were prepared from shell vials and were approxi­
mately 1.5 cm wide by 1.5 cm deep. The smallest germination 
vessels employed in these studies were deep well slides having 
a well 1.5 cm wide and 3 mm deep. 
Spore Respiration 
Standard Warburg techniques were used in the respiration 
studies (72). The results were expressed as the microlitres 
of oxygen taken up per mg of spores per hour. A 5 mg weight 
of spores was used in each Warburg flask. The respiration 
medium in the flasks was water, or a surfactant solution. The 
two surfactants used in these studies were WR-1339, and alkyl 
aryl polyether alcohol, and Tween-20, a polyoxyethylene 
sorbitan monolaurate. The surfactants were dissolved in water 
and the concentration expressed as a percentage on a v/v basis. 
If a certain initial pH was desired for an experiment the 
surfactant solution was adjusted with acid or base with a 
Beckman pH meter. All the studies were done at 20°0. The 
shaking rate for the flasks was approximately 120 per minute. 
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The respiratory quotients were determined by the indirect 
method of Warburg. Since the flasks were of approximately 
equal volumes the procedure adopted was to use different fluid 
volumes in a flask pair. One flask contained 1 ml of total 
fluid.volume. The second flask of the pair contained 5 ml of 
total fluid volume. Calculations of oxygen consumption and 
carbon dioxide production were determined as described by 
TBnbreit jet al. (72). 
At the conclusion of an experiment, the spores were 
washed from each flask into a petri dish, labelled, and stored 
at 10®C until counted. To determine the germination, 3 drops 
of the suspension was removed from a dish and spread on a 
glass slide. The ratio of germinated to total spores counted 
was determined for each drop. This was repeated 5 times giv­
ing a total of 15 counts per flask. These were averaged and 
expressed as the percent germination. Some of the germinated 
spores were clumped into small groups and were impossible to 
count. This caused an error in determining the germination of 
the spores so that small differences in germination are not 
significant. 
Reagents 
Reagent grade chemicals or the best available commercial 
grades were used in all of these studies without further puri­
fication except for the organic solvents used to remove 
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Mobilsol-100 from the spores. A solvent was cleaned by wash­
ing repeatedly with concentrated sulfuric acid until the acid 
wash was clear. This was followed by 3 to 5 washings with 1 M 
solium hydroxide. Finally the solvents were washed with 3 to 
5 changes of deionized water. 
The Mobilsol-100 was supplied by the Socony Mobil Oil 
Company. The Tween-20 came from the Atlas Powder Company 
whereas the WR-1339 was supplied by the Company of Rohm and 
Haas. The pelargonaldehyde was a commercial product obtained 
from Fritzche Brothers, Incorporated of New York. 
When a chemical was to be used at several concentrations 
a stock solution was prepared and diluted to the final con­
centration. Prior to dilution the pH was adjusted with acid 
or base with a Beckman pH meter. If the chemicals were to be 
tested in gelatin, or agar, the latter substances were made up 
to double strength so that after dilution the gelatin was 3 
percent and the agar was 1 percent. 
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EXPERIMENTAL RESULTS 
Germination at a Low Spore Density 
Sharp (58)» and Sharp and Smith (59) reported that lyo-
philized spores could be stored for long periods of time with 
little loss in viability or infect!vity of the spores. How­
ever, to obtain maximum germination, exposure to a saturated 
atmosphere of water vapour at 20*0 for 12 hours was a prereq­
uisite for most batches of the dried spores. This process of 
replenishing the water content was termed rehydration by the 
authors. The spore collections studied in this thesis were 
not dried artificially. They were stored at the water content 
they contained when collected. The spores took up additional 
water when exposed to a saturated atmosphere of water vapour 
so that they were further hydrated. These spores will be re­
ferred to as conditioned rather than rehydrated spores. This 
terminology was used because recent evidence suggests that the 
exposure of cold storage spores to a saturated atmosphere in a 
moist chamber involves loss of an endogenous inhibitor as well 
as uptake of water vapour. 
Effect of moist chamber conditioning 
Sharp (58) tested some non-lyophilized stored spores that 
were one year old and found that the germination was not im­
proved by a moist chamber treatment. Nevertheless, it was 
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thought that stored spores might respond to a moist chamber 
treatment if tested at the proper time; i.e., before the per­
centage germination had fallen to very low values. Therefore 
a study was made to see if the decreasing percentage germina­
tion of cold storage spores could be raised by a moist chamber 
treatment. As far as was known no similar studies had been 
reported for cold storage spores for any of the rust species. 
The studies were conducted over a four year period in which 
time four field collections and several greenhouse collections 
were tested. Some work of a similar nature has appeared in 
the literature since this study was initiated (37). 
The F 21-6-58 spores were stored in corked bottles at 
10®0. At frequent intervals samples were removed and germi­
nated with and without a conditioning treatment. The germina­
tion of non-conditioned spores decreased linearly with time 
from an Initial 90 percent to a final 10 percent in one year. 
The conditioned spores decreased only about 15 percentage 
units in the first 180 days. The moist chamber treatment 
roughly restored to the stored spores the germination capacity 
of the freshly collected spores. After 180 days the germina­
tion of the conditioned spores also decreased at about the 
same rate as the non-conditioned spores. However, the condi­
tioned spores germinated approximately 30 units higher than 
non-conditioned spores at any time in the period of 180 to 
364 days (Figure 1). 
Figure 1. Germination of conditioned and non-
conditioned spores from cold storage 
(collection F 21-6-58) 
Figure 2. Germination of conditioned and non-
conditioned spores from cold storage 
(collection F 15-7-59) 
31 
• CONDITIONED SPORES 
NON-CONDITIONED 
° SPORES 
80 
I— 60 
oo 
40 
2 0 -
• CONDITIONED SPORES 
O NON-CONDITIONED SPORES 
80 
< 601— 
40 
20 
60 120 180 240 
DAYS IN STORAGE 
300 360 
32 
The experiment was repeated with the F 15-7-59 spores to 
check the reliability of the moist chamber treatment on other 
field spores. The method was the same as before with one ex­
ception. The F 15-7-59 spores were stored at 10°0 and 60 per­
cent relative humidity. This was the recommended way to store 
non-dried rust spores (21, 48). Since spores of this collec­
tion were to be used for other experiments it was desirable 
to maintain high germinability for as long as possible. 
The conditioned spores germinated higher than non-condi­
tioned spores throughout the 320 days of the study, but the 
treatment difference was only 15 percentage units as opposed 
to 30 in the previous collection. The conditioned spores 
still showed a high germination at 130 days; at that time the 
germination started to decline at approximately the same rate 
as that of the non-conditioned spores (Figure 2). Despite 
differences in the magnitude of the conditioned response the 
same general trend held for the two collections. 
The F 16-7-60 collection was treated in the same way as 
the F 15-7-59 spores. The spores were stored at 10*0 and 60 
percent relative humidity. The conditioned spores germinated 
better .than the non-conditioned spores at any of the 8 com­
parisons made over a 180 day period. However, this collection 
was less stable than the other two field collections. This 
was shown by the rapid decline in germination after 120 days 
for treated and untreated spores (Figure 3). Despite the 
et 
Figure 3. Germination 
conditioned 
(collection 
of conditioned and non-
spores from cold storage 
F 16-7-60) 
Figure 4. Germination of conditioned and non-
conditioned spores from cold storage 
(collection F 7-7-61) 
34 
CONDITIONED SPORES 
NON-CONDITIONED SPORES 
• CONDITIONED SPORES 4 
a CONDITIONED SPORES STORED AT 
60% RELATIVE HUMIDITY 
A NON-CONDITIONED SPORES STORED 
AT 60% RELATIVE HUMIDITY 
O NON-CONDITIONED 
± 
60 120 180 240 
DAYS IN STORAGE 
300 360 
35 
differences in stability of the P 15-7-59 and P 16-7-60 col­
lections they did respond to the moist chamber treatment. 
It was suspected that the major cause for the smaller 
difference in percentage germination between conditioned and 
non-conditioned spores of the 1958 collection and the other 
two collections was the manner of storage. To test this, one 
lot of the P 7-7-61 spores was stored in a stoppered bottle at 
10*0 and a second lot was stored at 60 percent relative humid­
ity and the same temperature. As expected, the spores stored 
in the stoppered bottle germinated 30 to 35 percentage units 
higher than similar non-conditioned spores. Spores stored at 
60 percent relative humidity showed a difference of 20 (Figure 
4). Although it has not been proven in these experiments, it 
would seem reasonable that the spores stored at 60 percent 
relative humidity were partially conditioned in storage. 
The germination counts for each collection were analyzed 
separately as a completely randomized split plot design. The 
percentages were transformed to arc sin values for analysis 
(64). The increased percentage germination caused by a moist 
chamber treatment was significant. Germination percentages 
of conditioned and non-conditioned spores decreased with time 
in storage and this decrease was significant. Since the re­
sults for all collections are very similar only that for the 
P 21-6-58 collection is shown in Table 1. 
Once the germination of the stored spores dropped below 
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Table 1. Analysis of variance of data In Figure 1 
Source d.f. M.S. 
Main plots 
Treatments 1 14903.62** 
Main plot error 8 116.65 
Sub-plots 
Storage times 10 1232.07** 
Treatment x Storage times 10 52.87** 
Sub-plot error 80 12.34 
••Significant at the .01 probability level. 
4o to 50 percent they were unsuitable for some of the other 
experiments. This necessitated raising and storing greenhouse 
spores during the period of November through April. Since 
some of these collections would be in cold storage for several 
months it was decided to compare their behaviour with the 
field collections. 
She greenhouse collections were less stable In storage 
than the field spores. For example, one collection declined 
from 87 percent to 26 percent germination in approximately 60 
days. A second collection went from 95 to 40 percent in 30 
days. However two collections were more stable. One germi­
nated 93 percent when collected and after 141 days in storage 
the germination was still 56 percent. The second collection 
showed no decrease in germinability after approximately 120 
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days in storage (Table 2). In contrast to this the four field 
collections were germinating 4o to 70 percent after 120 days 
in storage. It should be pointed out that these comparisons 
are for non-conditioned spores. 
The variable stability of the stored greenhouse spores 
made it difficult to pick any one collection as representative 
of the several collections studied. The unpredictable behav­
ior of the stored spores permitted only a limited number of 
observations for most collections because observations were 
made every 10 to 14 days and in this time the germination 
could drop below 4o percent without warning. Sufficient data 
Table 2. Stability in storage of non-conditioned greenhouse 
spores 
Germination (%) 
Spore 
collection 1-10 
Days in storage8, 
10-30 30-60 60-140 
1 87 83 68 26 
2 95 40 33 28 
3 93 84 88 56 
4 77 - 83 76 
aEach collection was not tested at the same time so the 
total days in storage were divided into four periods for com­
parison. 
38 
have been gathered for two collections to show the variable 
behaviour patterns of stored greenhouse spores and their re­
sponse to a moist chamber treatment. Spores of the G 23-12-58 
collection germinated 86 percent when freshly collected, de­
creased to approximately 30 percent in 60 days and maintained 
this level up to 180 days. These spores responded to a condi­
tioning treatment (Figure 5)• Spores of the G 25-1-60 collec­
tion were more stable in storage after an initial decrease of 
30 percentage units in the first 10 days. These spores re­
sponded to the moist chamber treatment, the effect becoming 
most noticeable after JO days. The conditioned spores germi­
nated 15-20 percentage units higher than non-conditioned 
spores after 60 days in storage (Figure 6). The data for both 
collections were analyzed statistically in the same manner as 
the field spores. The results for collection G 25-1-60 are 
shown in Table 3. Treatment and storage time had a signifi­
cant effect on germination. 
Nature of the conditioned effect 
P. coronata uredospores stored at 60 percent relative 
humidity equilibrated with the atmosphere at a moisture con­
tent of 12 to 14 percent. When conditioned the spores ab­
sorbed more water and the percentage germination increased 
relative to the control spores. To better understand the 
nature of the process, spores were conditioned and the moisture 
Figure 5. Germination 
conditioned 
(collection 
of conditioned and non-
spores from cold storage 
G 23-12-58) 
Figure 6. Germination 
conditioned 
(collection 
of conditioned and non-
spores from cold storage 
G 25-1-60) 
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Table 3. Analysis of variance of data In Figure 6 
Source d.f. M.S 
Main plots 
Treatments 1 
8 
352.11** 
6.99 Main plot error 
Sub-plots 
Storage times 
Treatment x Storage times 
Sub-plot error 
5 
5 
40 
3300.46** 
106.02** 
6.99 
••Significant at the .01 probability level. 
uptake was measured. An extra lot of spores were included so 
that the percentage germination could be correlated with the 
water uptake during a conditioning treatment. Bach time the 
spores were weighed to check moisture uptake, a spore sample 
was withdrawn from the extra bottle and germinated. This per­
mitted a comparison between water uptake and germination re­
sponse as they were being conditioned. The object was to find 
out how much water the spores had absorbed by the time they 
were conditioned. 
The spores were conditioned in weighing bottles having a 
diameter of 4 cm. Relatively large weighing bottles were 
chosen so that the spore layer would be thin in the case of 
large spore weights. This was done to reduce errors due to 
diffusion of water vapour into the underlying spore layers. 
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At intervals the bottles were removed from the conditioning 
chamber, rubbed dry with a cloth, weighed, and returned to the 
chamber. Blanks were included to account for vapour condensa­
tion on the inner walls of the weighing bottles. Sample 
weights of 10 or 20 mg of spores were chosen from several 
spore weights tested in preliminary experiments. These 
weights were chosen because they resulted in spore layer 
thicknesses comparable to the 5 mg spore weight used in rou­
tine assays of the spore collections. The experimental error 
in weighing a sample was approximately 4 percent as calculated 
from replicate weighings made at several intervals during the 
conditioning of a 20 mg sample of spores. 
The results of three experiments are shown in Figure ?• 
In two of the three experiments the water uptake was erratic 
after the first 8 hours. The cause of this was not apparent 
from the data. Experimental error could not account for all 
of the discrepancy. In other experiments with 20 and 40 mg 
weights of spores this variability did not appear. Bie curves 
were smooth and constant spore weights were reached in about 
33 hours. In Figure 7» the variability was less marked for 
the first 9 hours, the time of major interest. Despite the 
variability, the general trend was a gradual increase in the 
water content of the spores up to 24 hours for the 10 mg lot 
and up to 30 hours for the 20 mg lot of spores. At 9 hours 
the spores had taken up water equivalent to 40 to 60 percent 
Figure 7. Uptake of water vapour (curves 1, 2 and 3) 
and the corresponding germination (curves 
1, 2 and 3) of spores observed several times 
during a conditioning treatment 
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of their Initial fresh weight. The 9 hour point was of inter­
est because this was the time at which the percentage germina­
tion reached a maximum as a result of the conditioning treat­
ment. This figure was arrived at from experiments with two 
spore collections shown in Table 4. In Figure 7 the spores 
also reached a maximum percentage germination by 9 hours. 
Therefore, the moisture content of these conditioned spores 
was 4o to 60 percent. The spores continued to imbibe water 
beyond the 9 hour mark but the percentage germination did not 
show a corresponding increase. It was concluded that spores 
do not have to reach equilibrium water content before the con­
ditioning effect is complete. 
Despite the fact that spores will take up considerable 
water and remain viable for many hours in a moisture chamber, 
they do not germinate unless placed on a free water surface. 
Conditioned spores have been examined several times and ger-
Table 4. Time required for maximum response to the condi­
tioning treatment 
Spore 
age 
days 
Germination (£) 
Spore 
collection 
Hours conditioned 
0 1 3 6 9 12 
F 21-6-58 154 54 - 86 87 87 87 
F 15-7-59 274 22 43 42 53 55 57 
46 
mination had not occurred. On the basis of microscopic exami­
nation the conditioned spores were less turgid than spores that 
had imbibed liquid water. When placed on liquid water, condi­
tioned spores imbibed more water, became fully turgid, and then 
germinated. For this reason, it was assumed that the water 
content of conditioned spores was below the level necessary for 
germination. The enhanced percentage germination of conditioned 
spores was not accounted for by the water content after a moist 
chamber treatment. It was postulated that the spores accumu­
lated an inhibitor in storage and by exposing them to a satu­
rated atmosphere of water vapour the inhibition was reversed if 
the spores were later germinated in trace amounts. This would 
explain the high percentage germination of freshly collected 
spores and the decreased percentage germination of spores with 
time in storage. 
Effect of an oil treatment 
If the decreased percentage germination of cold storage 
spores was caused by an inhibitor it might be possible to elim­
inate the inhibition by some chemical treatment. One treatment 
used was to submerge the spores at an oil-water interface for 
several hours. The oil was Mobilsol-100, an isoparaffinie, 
non-phytotoxic oil. A light oil was used by Rowell (55) and 
Hayden (57) for field innoculations and by Rowell (56) for 
storage of uredospores. Hobbs (31) reported the germination of 
spores on agar covered with a few drops of Mobilsol-100 was 
less variable than that of spores germinated without the oil. 
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He attributed the variations in germination percentages of the 
spores not covered with oil to uneven spore distribution on the 
agar. The spore numbers in themselves could have been a minor 
factor, the major cause of the inhibition as observed by Hobbs 
might be an inhibitor in the spores. The oil could have im­
proved germination on the agar by removing an inhibitor that 
was sufficiently concentrated at high spore densities to be 
active. Therefore, the oil was tested to see if it would in­
crease the percentage germination of storage spores. These 
spores had decreased in germination so they were ideal material 
for this test. The enhanced percentage germination of condi­
tioned spores was not accounted for by the water content after 
a moist chamber treatment. It was postulated that the spores 
accumulated an inhibitor in storage and by exposing them to a 
saturated atmosphere of water vapour the inhibition was re­
versed if the spores were later germinated in trace amounts. 
Ten mg lots of spores were placed on 3 ml of water in a 
10 ml beaker, then covered with 1 ml of the oil. The spores 
were left for 12 hours at 5-10*0. The spores were kept at a 
low temperature to inhibit germination during the exposure 
period. At the end of this time the spores were filtered by 
suction to remove the oil and water. Then 3 ml of an organic 
solvent was pulled rapidly through the spores to remove the oil 
still coating the spores. This was the smallest volume of sol­
vent that adequately removed the oil. Care was taken to limit 
the contact time of the solvents because their toxicity was in 
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question. The oil had to be removed so that dry spores could 
be dusted onto the gelatin. Oil-soaked spores adhered and 
could not be dusted evenly over the agar surface. Several sol­
vents were tested for their effectiveness in removing the oil 
and their toxicity to the spores. The solvents were cleaned 
before use by several washes with acid, base, and distilled 
water. 
The results from four experiments are shown in Table 5. 
The spores in each experiment showed inhibition when germinated 
on gelatin as seen by the control percentages. The spores were 
not dead because they did respond to a moist chamber treatment. 
In the first experiment the oil did improve germination as seen 
by the high percentage germination after a cyclohexane wash. 
Skelly A appeared to be toxic to the spores. The germination 
was slightly improved by the other treatments. In the second 
experiment the oil treatment also was effective. The oil 
treated spores germinated as well as conditioned spores. Hone 
of the solvents caused toxicity to the spores in this experiment. 
In Experiments 3 and 4, the oil-water treatment had no 
effect. Oil alone also was ineffective in stimulating germi­
nation. These results could be explained by solvent toxicity 
during the removal of the oil. In a separate experiment, non-
treated dry spores washed with cyclohexane germinated only 15 
percent. It was apparent that there was considerable hazard 
of toxicity in the solvent washing procedure. The oil treat­
ment stimulated germination in some experiments but not in 
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Table 5. Germination on gelatin of spores after an oil-water 
treatment followed by removal of the oil with 
organic solvents 
Percent germination 
Organic 
solvent 1 
Experiment number* 
2 3 4 
Cyclohexane 79 85 24 11 
Hexane 54 87 - 15 
Heptane 49 83 - 10 
Skelly A 13 72 - -
Skelly B 55 85 - 11 
Skelly D 58 82 - 21 
Conditioned 81 81 82 43 
Control 48 55 35 34 
Oil - — 5 13 
aF 21-6-58 spores used in Experiments 1 to 3 inclusive, 
F 15-7-60 spores were used in Experiment 4. 
others. The stimulation was attributed to the removal or 
reversal of an inhibitor in the spores. 
Effect of chemical stimulators 
In 1957 Allen (1) and French et al. (25) reported that a 
water soluble compound could be isolated from P. graminls 
triticl uredospores that had stimulatory properties. Accord­
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ing to Allen, the substance could overcome the germination 
Inhibition encountered with dense populations of spores. 
French et al. (25) studied the physical and chemical proper­
ties of their compound and tentatively concluded that two 
substances were present, one having a carbonyl group, and one 
a hydroxyl group. In a later paper French and Weintraub (26) 
reported the aldehyde to be pelargonaldehyde. This compound 
stimulated germination and vesicle formation in P. Rraminis 
trltlci uredospores. Parkas and Ledlngham (20) also reported 
stimulation of spore germination by pelargonaldehyde as well 
as by coumarin and 2,4-dinltrophenol. Coumarin and several 
phenolic compounds have been identified as constituents of 
wheat stem rust spores by Van Sumere et al. (73). These 
authors have shown that some of these compounds stimulate ger­
mination of P. graminls trltlci spores. It has been postu­
lated in the literature that many of these compounds overcome 
the self-inhibition of germination characteristic of P. 
graminls trltlci uredospores at high spore densities. 
P. coronata uredospores developed inhibition in cold 
storage. These spores were not dead because they responded to 
the moist chamber treatment. One test for an inhibitor in the 
uredospores was to use those compounds that overcame the self-
inhibition in P. graminls trltlci uredospores. The chemical 
stimulators were tested on low spore densities of P. coronata 
uredospores to see if they would overcome the storage inhlbi-
51 
tlon. 
Pelargonaldehyde was the first chemical tested. It was 
dissolved In Mobilsol-100 at concentrations of O.Ol to 5.0 
percent v/v. The aldehyde was tested as the vapour under con­
trolled conditions by placing each concentration In sealed 
Oonway diffusions cells containing spores. The absolute 
vapour pressure of the aldehyde at each concentration of the 
chemical was not known. However it would change with the con­
centration of the chemical in the oil. Therefore, the relative 
vapour pressures could be identified by the concentration of 
the chemical. Two methods were employed. In the first method 
the aldehyde solution was placed In the outer ring of the Oon­
way cell. A few spores were spread across gelatin or water in 
the inner ring and the vessel was sealed. Germination counts 
were made 8 to 9 hours later. In the second method, the alde­
hyde solution was placed in the outer ring as before. Ten mg 
lots of dry spores were placed in the inner ring. The vessel 
was sealed and kept for 9 hours at 10 or 20*0, then the spores 
were removed and germinated on gelatin in low densities. The 
treatment was identical to a moist chamber treatment except 
that the vapour phase was pelargonaldehyde in one case and 
water in the other. In both methods the controls consisted of 
dry spores dusted onto gelatin in small petrl dishes. 
Experiments by the first method showed that pelargonalde­
hyde did not stimulate germination at concentrations of the 
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chemical up to 1 percent. Beyond this concentration inhibi­
tion was observed. This method had the disadvantage that once 
the spores were placed on the gelatin they started to germi­
nate. It was impossible to treat ungerminated spores with the 
aldehyde for prescribed lengths of time. Therefore, the second 
method was tried. This permitted treating all the spores the 
same length of time with the chemical before they were placed 
under conditions where they could germinate. 
The dry spores were exposed to vapour from the highest 
permissible concentration (1.0 percent) of the pelargonalde­
hyde. The results were the same at both temperatures. How­
ever, there seemed to be a difference amongst collections in 
response to the chemical. Table 6 shows that two greenhouse 
collections showed a marked increase in percentage germination 
after exposure to the aldehyde vapour. The response was 
caused by the pelargonaldehyde because; in an earlier experi­
ment it was shown that oil alone did not stimulate germination. 
Six other collections did not respond. In fact two of these 
collections may have been inhibited by the vapour. These 
spores were not dead, however, since those that were given a 
moist chamber treatment did germinate. Possibly the 1 percent 
aldehyde solution used in these tests was inhibitory to some 
collections. It may be that the sensitivity of the spores is 
not the same for all collections. This could explain the de­
creased percentage germination of the F 24-6-59 and the F 15-
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Table 6. Germination of spores at a low density after being 
treated with pelargonaldehyde 
Germination (#) 
Spore 
collection 
Treatment 
temp. ( ° C ) Control 
Pelargon­
aldehyde Conditioned 
F 21-6-58 20 37 17 64 
10 - 35 -
G 5-1-59 20 31 85 — 
10 - 82 -
G 15-1-59 20 52 84 — 
10 - 79 — 
G 3-1-59 20 4 1 -
F 24-6-59 20 36 2 -
F 15-7-59 20 29 11 52 
G 12-11-59 20 11 3 -
G 21-12-59 20 7 1 32 
7-59 spores after exposure to the pelargonaldehyde. Further 
work would be required to settle this point. 
The second group of chemicals were tested by floating 
spores at low densities on aqueous solutions of the chemicals. 
The more insoluble ones were dissolved by gentle heating when 
necessary. The compounds tested were those that gave the 
greatest stimulation to P. graminls trltlci spores in experi­
ments performed by Van Sumere et al. (73). The two collections 
were responding to a conditioning treatment at the time of the 
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test. The untreated spores of collection F 15-7-59 germinated 
about 20 percent and this was raised to about 50 percent with 
a conditioning treatment. The second collection germinated 
about 50 percent without and about 75 percent with a condi­
tioning treatment. So it was known that with the proper 
treatment the spore germination could be stimulated. 
Germination was not stimulated by any of the four chemi­
cals tested at 10 to 400 ppm and at 1000 ppm the compounds 
were toxic. The results were similar for the two rust collec­
tions (Table 7). 
In summary freshly collected P. coronata uredospores ger­
minated 60 to 90 percent on gelatin or water when tested at 
low spore densities. The percentage germination of these 
spores decreased with time in storage. This decrease could be 
reversed for a time, at least, by exposing the spores to a 
saturated atmosphere in a moist chamber prior to germination. 
Treating the spores with Mobilsol-100 increased the percentage 
germination in some cases. Chemicals reported to overcome the 
inhibition of P. graminls trltlci uredospores at high density 
were less effective in overcoming the storage inhibition in P. 
coronata uredospores. The pelargonaldehyde stimulated germi­
nation of some spore collections, but the other chemical stim­
ulators were ineffective. The treatments that did stimulate 
germination were assumed to be effective by overcoming the 
inhibition caused by an inhibitor that had accumulated in 
Table 7. Germination of spores at a low density on chemical stimulators of 
uredospore germination 
Germination (&) 
Spore Chemical concentration (ppm) 
collection8. Chemical 0 10 20 100 200 400 100( 
F 15-7-59 Indoleacetic acid 21 19 16 3 5 2 
Protocatechuic acid 22 18 17 15 10 3 
Coumarin 21 14 24 18 19 9 1 
0-coumaric acid 18 21 18 17 18 15 
F 19-7-60 Indoleacetic acid 46 44 4o 43 40 42 
Protocatechuic acid 48 45 45 36 31 1 
Coumarin 46 45 50 46 47 37 1 
0-coumaric acid 45 45 43 44 34 1 
^Collection F 15-7-59 germinated 50 percent after the spores had been condi­
tioned. Collection F 19-7-60 germinated 75 percent after the spores had been 
conditioned. 
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stored spores. Dae existence of an inhibitor, however, was 
still open to question. A more direct approach was used to 
establish the validity of an inhibitor in P. coronata spores. 
The results of those experiments are presented in the next 
section. 
Germination at a High Spore Density 
Evidence for self-inhibition 
In 1955 Allen (2) reported the presence of an inhibitor 
in P. graminls trltlci uredospores. Allen observed that the 
rate of germination decreased as the spore density was in­
creased in the germination chamber. With a relatively large 
spore density the germination was completely inhibited. Fur­
thermore, he was able to extract with water a substance from 
the spores that inhibited the germination of other spores. 
Later, Bell (7) reported an inhibitor in the spores of U. 
phaseoli. The published evidence for an inhibitor in P. 
coronata is very limited. In 1955 Forsyth (22) reported that 
P. graminls trltlci and P. coronata spores germinated less 
than 5 percent in sealed Warburg flasks. In open flasks the 
germination was 90 percent. The inhibition of P. graminls 
trltlci uredospores was attributed to a natural inhibitor by 
Forsyth. Nothing was said of the cause for the low germina­
tion of the P. coronata uredospores in these experiments. In 
1959 Hakato et al. (44) reported that an extract from freshly 
57 
killed P. coronata uredospores inhibited the germination of 
viable uredospores. The situation appeared to be different 
from that reported in other rusts because the inhibitor was 
only extracted from killed spores. In the case of P. graminls 
triticl the spores were still viable after the inhibitor had 
been extracted and it could be added back to the same or 
similar spores and inhibit their germination. To date no one 
has reported extraction of an inhibitory substance from viable 
P. coronata spores. Therefore, this study had two objectives. 
One was to determine whether spore germination decreased as 
the spore density increased. This would be evidence for a 
self-inhibitor in P. coronata uredospores. A second objective 
was to determine by biological assay methods, whether a self-
inhibitor existed in P. coronata uredospores. 
In 1958 some preliminary experiments were done on the 
respiration of stored spores. Bach flask contained 5 mg of 
spores floated on water. Small numbers of spores from this 
collection germinated 70 percent on gelatin in open petri 
dishes. At the end of the experiment the germination was 
estimated to be less than 1 percent in the flasks. Since 1958» 
several spore collections have been germinated in Warburg 
flasks at high spore density and in open petri dishes at low 
spore density. In all experiments of this type 5 mg of spores 
were used in the closed flasks. Table 8 shows that the germi­
nation in the flasks was much lower than that in the petri 
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Table 8. Germination on water in Warburg flasks of spores 
at high density 
Germination (#)a 
Spore Petri 
collection Experiment Flask dish 
G 10-2-61 8—6—61 4 45 
G 14-3-61 12—6—61 6 39 
G 15-3-61 13-4-61 2 80 
3-4-61 5 84 
13-5-61 2 71 
F 7-7-61 9-7-61 36 83 
F 12-7-61 9-9-61 2 87 
aSmall numbers of spores dusted onto water in open petri 
dishes and 5 mg of spores were used per flask. 
dishes. The difference in germination of spores in the flasks 
and the petri dishes suggested that the spore density was a 
factor that controlled spore germination. With spores at low 
density no inhibition was evident, but if the density was in­
creased self-inhibition was observed. In this respect P. 
coronata and P. graminls trltici uredospores were similar. 
Table 9 shows that the reduced germination of large spore 
lots was not restricted to the flasks since similar results 
were obtained in sealed petri dishes. This was true for 
stored greenhouse and field collections. Not all the rust 
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Table 9. Germination in closed dishes of spores from several 
collections 
Spore Date 
Medium3, 
Spore weight 
collection tested Trace 5 mg 
F 15-7-59 24-9-59 Malate-tris 56 15 
G 10-2-60 11-2-60 Water 65 1 
Gelatin 85 33 
G 27-11-60 21-3-61 Water 73 1 
2-4-61 Water 76 7 
Phosphate 69 8 
G 14-3-61 21-3-61 Water 68 1 
2-4-61 Water 58 27 
Phosphate 60 14 
G 15-3-61 21-3-61 Water 90 1 
31-3-61 Water 87 5 
Phosphate 87 5 
2—4—61 Water 86 2 
Phosphate 84 4 
F 19-7-60 12-11-60 Water 50 48 
aMal^te-trls buffer (10" 2 M); phosphate buffer (10" •3 » ) .  
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collections displayed the Inhibition phenomena. The 3? 19-7-60 
spores germinated as well at high, as at low spore densities. 
The inhibition was observed on a water, gelatin, or buffer 
medium. Some buffer toxicity was evident with the F 15-7-59 
spores since trace amounts of these spores germinated 70 per­
cent on water. However, buffer toxicity would not account for 
all of the inhibition shown in the Table 9. 
Small numbers of freshly collected P. coronata spores 
usually germinated 70 percent or better in open petri dishes. 
As these spores aged in storage the percentage germination de­
creased. It has been shown that the percentage germination of 
stored spores was low if they were germinated at high spore 
densities. It was possible that freshly collected spores ger­
minated at high densities would not be self-inhibited. Some 
spore collections were used in respiration measurements nhen 
they were one to seven days old. The germination of these 
spores was determined at the end of the experiments. Further­
more, some collections less than a week old were tested spe­
cifically for self-inhibition in petri dishes. The data from 
these experiments has been compiled in Table 10. The table 
shows that field and greenhouse spores less than 2 days old 
were self-inhibited when germinated at high spore densities. 
It is unlikely that spores less than 1 day old would germinate 
freely at high spore densities. 
The reduced germination was not limited by the smaller 
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Table 10. Effect of age on the self-Inhibition of germina 
tion displayed by stored spores germinated at a 
high spore density in sealed vessels 
Germination (%) 
Spore Spore density* 
Spore age High Low 
collection (days) Flask Dish Dish 
F 7-7-61 2 36 _ 83 
17 - 4 50 
F 12-7-61 1 23 - 95 
7 31 - 89 
G 14-3-61 7 _ 1 68 
20 - 7 76 
G 15-3-61 6 1 90 
16 - 5 86 
G 25-1-62 1 15 — 49 
aA high spore density was 5 mg/flask or dish. A low 
spore density was a small number of spores dusted onto the 
gelatin with a brush. 
air volume in the sealed vessels. A comparison made between 
sealed and unsealed petri dishes with several spore collec­
tions showed that the percentage germination was approximately 
the same in each system (Table 11). 
An investigation also was made to see how germination 
varied with spore mass for a given vessel size. The experi­
ment was conducted with the small petri dishes having a diam­
eter of 6 cm. Three spore collections were tested at spore 
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Table 11. Germination at a high spore density in open and 
sealed dishes 
Spore 
collection 
Experiment 
date Contrela Open dish13 Closed dish13 
G 27-1-61 3-10-61 41 20 19 
G 10-2—61 24- 7-61 32 2 2 
G 14-3-61 24- 7-61 42 11 7 
3-10-61 21 17 11 
G 15-3-61 24- 7-61 50 1 1 
3-10-61 34 22 25 
F 7-7-61 24- 7-61 50 3 4 
3-10-61 46 48 42 
F 8-7-61 24- 7-61 61 28 27 
F 12-7-61 24- 7-61 61 3 3 
aTrace amounts of spores dusted onto water with a camel's 
hair brush. 
^Five mg of spores per dish. 
weights of 20 mg down to trace amounts. Table 12 shows that 
inhibition was most evident at weights of 5 mg or more of 
spores per dish. Below this weight the self-inhibition dis­
appeared. The results were similar for all three collections. 
The low percentage germination of the July, 1961 control 
spores was caused by zero germination in 2 of the 3 replicates. 
Routine weekly germination tests made before and after this 
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Table 12. Germination on water as a function of spore 
density in sealed petri dishes 
Spore 
weight 
(mg) F 15-7-59 
Spore collection 
G 26-11-60 F 7-7-61 
20 17 - 14 
10 21 2 20 
5 33 11 30 
2 37 40 48 
1 49 66 52 
0.5 54 64 -
trace 45 47 20b 
aA trace amount of spores was applied by dusting a few 
spores onto the water with a brush. 
^Two of the three replicates germinated 0-1 percent. 
experiment showed the germination of this collection to be 55 
percent. In open dishes the inhibition was still evident al­
though to a lesser degree (Table 13). 
It has been demonstrated that P. coronata spores of sev­
eral storage ages were self-inhibited when germinated at high 
densities. This has been cited as evidence for the presence 
of an inhibitor in the spores. Hext the possibility of re­
moving the inhibitor by several changes of water was explored. 
Spores floated at high densities on water for several hours 
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Table 13. Germination on water as a function of spore 
density in open petri dishes 
Spore weight0. Spore collection 
(mg) G 26-11-60 F 7-7-61 
20 - 18 
10 5 33 
5 20 43 
2 40 49 
1 59 57 
0.5 74 -
trace 47 48 
aA trace amount of spores was applied by dusting a few 
spores onto the water with a brush. 
formed a loose mat because some of the spores had germinated. 
The ungerminated spores were held together by the tangled germ 
tubes. This made it easy to pour off the water and add fresh 
water without the loss of many spores. When this was done, it 
was found that replacing the water failed to stimulate germi­
nation of the spores. It was concluded that the method of 
washing the spores did not remove sufficient inhibitor. 
The experiments were repeated using a different method. 
The method had been used by Allen (2) for demonstrating re­
versal of Inhibition in P. graminls trltlci uredospores. A 5 
mg weight of spores was floated on water for several hours, 
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then loops of these spores were transferred to fresh water and 
germinated for 12 hours. All germinations were conducted in 
open and closed dishes to detect a volatile inhibitory sub­
stance. Spores of the F 19-7-60 collection were floated for 
28 hours whereas spores of the other collections were floated 
for 11 hours. Table 14 shows that results were similar for an 
open or a closed germination system. The germination at high 
spore densities was inhibited in all collections except F 19-
7-60. The germination of spores in the mat at high density 
was increased by transferring some of them to fresh water. 
This meant that the self-inhibited spores were not dead. The 
increased percentage germination did not reach the level of 
the controls except in one instance. Spores of the G 15-7-61 
collection germinated 20 percentage units higher than the 
controls after a transfer. Hakato et al. (44) reported Tihat 
P. coronata uredospores removed from the large floating mass 
did germinate well on fresh water. In P. graminls trltlci, 
the results were more impressive. Allen (2) reported that 
large masses of spores germinated 0 percent but after some of 
these spores had been transferred to fresh water the germina­
tion was nearly 100 percent. 
It has been shown that the germination of P. coronata 
uredospores varied inversely with the spore density in the 
germination chamber. With a low density the germination was 
70 to 90 percent whereas with a high spore density the germi-
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Table 14. Germination in open and closed petri dlsh.es of 
spores at low density after transfer to fresh 
water from a high spore density 
Germination (%) 
Spore 
collection 
Closed 
HD 
system9, 
ID HD 
Open system 
ID 
b 
Control 
P 19-7-60 48 - - 50 50 
G 10-2-61 2 17 2 22 32 
G 14-3-61 7 31 11 32 42 
G 15-3-61 1 70 1 77 50 
P 7-7-61 4 12 3 13 50 
P 8-7-61 27 34 28 40 61 
P 12-7-61 3 38 3 - 61 
aHD stands for spores at high density, LD stands for 
spores at low density. 
^The control was a small number of spores applied to the 
water with a brush. 
nation was 30 percent or less for collections of stored spores. 
The low germination of the latter spores can be reversed in 
part by transferring loops of these spores to fresh water. 
These observations suggested that an inhibitor might be re­
sponsible for the behavior of the germinating spores. 
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Release of an inhibitory substance from the spores 
The germ!nation of uredospores of P. coronata and P. 
graminls trltlci was similar In one respect. The spores of 
both species displayed a self-inhibition when germinated at 
high spore densities. In P. graminls trltlci the self inhibi­
tion was caused by a substance that could be leached from the 
spores with water. In P. coronata spores, the evidence for an 
inhibitor was not as direct. However, several lines of evi­
dence clearly indicated that the spores produced an inhibitor. 
Therefore, some experiments were conducted to confirm the 
presence of an inhibitor in P. coronata uredospores. The ex­
periments were in the nature of a biological assay to detect 
a water soluble or gaseous inhibitor produced by the spores. 
The techniques were similar to those used on P. graminls 
trltlci uredospores and will be discussed under the respective 
experiments. 
Diffusion of an Inhibitor into the float medium In 
spite of negative results of water washing discussed earlier, 
it was possible that an inhibitory substance leached out of 
the spores and into the water. The water will be referred to 
as the "float medium". Occasionally the water was replaced by 
a buffer solution. The object was to test the float medium 
for an inhibitor by placing spores on it and measuring their 
germination. Low spore densities were used as a detector to 
avoid the problem of self-inhibition. 
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In a preliminary experiment of this type, the spores at 
high density showed self-inhibition, but no inhibitor was de­
tected in the float medium. She test was run in open dishes 
so that the inhibitor may have evaporated. 
A more detailed experiment was conducted in open and 
closed dishes. Furthermore, since the work with P. graminis 
trltlci uredospores was done on phosphate buffer (0.01 M at 
pH 6.0) this was included in the test. The source of inhibi­
tor was a 5 or 20 mg weight of spores floated overnight on 1 
or 4 ml of water or buffer solution, respectively. In Experi­
ment 1 the source of inhibitor was 5 mg of spores floated on 
1 ml of buffer in a Oonway cell. Several cells were set up to 
provide enough inhibitor solution for the several dilutions 
tested. Petri dishes were used for the other experiments. In 
Experiment 2 a single replication was made for all dilutions. 
In the other experiments two and usually three replications 
were made for each dilution. Once the spores were removed 
from the float medium, it was diluted with fresh float medium 
for the inhibitor tests. One exception was the second experi­
ment. In that experiment the float medium was divided into 
two equal portions which were accidentally diluted with water 
instead of with phosphate buffer. One series of dilutions 
were tested in open dishes and a parallel series run in closed 
dishes. 
Table 15 shows that germination was inhibited in the high 
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Table 15. Test for a water soluble Inhibitor produced by P. 
coronata uredospores ~ 
Germination (&) 
High Low spore density 
Float spore Float medium dilution 
Exp. System medium density 0 1/2 1/4 1/8 Control6 
1 Closed Phosphate 1 13 4 4 6 3 
2 Closed Phosphate 3 4 9 14 48 71 
Closed Water 13 30 30 31 49 78 
3 Closed Malate-tris 15 11 . 62 64 45 56 
5 Closed Water 38 40 47 47 - 48 
2 Open Phosphate 3 1 4 12 56 65 
4 Open Phosphate 3 45 58 55 59 54 
Open Water 20 84 81 85 84 82 
5 Open Water 38 43 44 51 - 37 
aIn experiment two the phosphate float medium was divided 
into equal portions and tested in open and closed dishes. 
Furthermore the original inhibitor solution was accidentally 
diluted with water instead of phosphate buffer. 
%Low spore density germinated on the respective fresh 
float medium in open dishes. 
spore suspensions that served as an inhibitor source. In some 
experiments with sealed dishes, there were signs of inhibition. 
In open dishes, Inhibition appeared in one out of three exper­
iments. The inhibition on phosphate buffer was attributed to 
buffer toxicity. This was evident in the second experiment 
where the phosphate concentration decreased. Even the malate-
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tris buffer was slightly toxic. Spores germinated 70 percent 
on water (data not in the table) as compared to 56 percent on 
the buffer. However, this difference could not account for 
all of the inhibition in the sealed dishes. Aside from the 
buffer toxicity, there was evidence of inhibition in sealed 
dishes, but not in open dishes. 
The phosphate inhibition was unexpected since it was not 
toxic to P. graminls trltlci uredospores. Uredospores from 
several collections of P. coronata have been tested on phos­
phate buffer at pH 6.6. Some of the collections were inhi­
bited by 0.02 M phosphate, but no inhibition was observed on 
0.002 M buffer (Table 16). In experiments not reported here, 
a wide range of buffer combinations were tested on P. coronata 
uredospores. The combinations that adequately controlled the 
pH showed some toxicity. 
A large number of the germination tests were done on un­
buffered water. To be certain the inhibition of the spores 
was not caused by an excessive pH drift, tests were run on 
buffered and unbuffered water. A 0.001 M phosphate buffer 
was used to control pH. The buffer solution and the water 
were adjusted to pH 5.3 or 5.4 prior to application of the 
spores. Both open and closed germination dishes were employed 
and, since results were similar for both, only the latter will 
be presented. Table 17 shows that the pH increased on water 
and on the buffer for both high and low spore densities. 
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Table 16. Effect of phosphate buffer concentration on 
germination at low spore densities in open petri 
dishes 
Germination (%) 
Spore 
collection8. 2 x 10-1 
Phosphate (M) 
10-2 lo"3 Water 
G 20-11-60 11 44 88 88 
P 12- 7-61 14 44 47 46 
P 7- 7-61 7 23 31 31 
P 7- 7-61 4 54 63 63 
aIn the last experiment with the P 7-7-61 collection the 
spores were conditioned prior to being germinated on the 
buffer. 
While the pH control was not good, the pH did not exceed the 
range permissible for maximum germination reported by Oouey 
and Smith (10). Therefore, unbuffered water was used as a 
float medium to avoid the problem of buffer toxicity. 
In one experiment a relatively large weight of spores 
were extracted with water, and the extract was tested on agar 
in open dishes. A large spore weight was used in the hope of 
increasing the inhibitor concentration in the extract to a 
detectable level. A 0.33 gm sample of spores was placed in a 
bottle with 20 ml of water and rotated for 25 hours at 10°0. 
The extract was added to thin agar discs and after it had dif­
fused into the agar the disc was inverted and dusted with a 
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Table 17. Changes In pH after germination of high and low 
spore densities on water or phosphate buffer 
(sealed dishes) 
Spore 
density 
Float 
medium 
PH 
Initial Final 
Germination 
( % )  
Low Water 5.3 6.2 87 
5.4 6.8 86 
5.4 6.4 76 
5.4 6.4 58 
High Water 5.3 6.2 5 
5.4 6.6 2 
5.4 6.4 7 
5.4 6.4 27 
Low Phosphate 5.3 5.6 87 
5.4 6.0 84 
5.4 5.9 69 
5.4 5.8 60 
High Phosphate 5.3 5.8 5 
5.4 6.1 4 
5.4 6.2 8 
5.4 6.2 14 
trace amount of spores. No inhibition of spore germination 
was observed. 
Diffusion of an Inhibitor into agar Massey jet al. of 
Port Detrick, Maryland, reported in a personal communication 
(1957) that the inhibitor in P. graminis tritlei would diffuse 
directly from the spores into agar. They spread a large mass 
of spores over an agar surface, then covered them with a thin 
layer of cool agar. In 2 hours the submerged spores had pro­
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duced enough inhibitor to reduce the germination of a small 
number of spores dusted on the surface of the upper agar layer. 
A slightly different technique was used with P. coronata ure-
dospores. A large mass of spores was spread over the surface 
of a thin layer of agar in a petri dish, and covered with thin 
agar discs. Four hours later, the upper surface of the discs 
was dusted with a small number of spores. The tests were con­
ducted in open dishes. There was no reduction in germination 
of the detector spores. In other experiments, spore masses 
were spread over the surface of agar discs in a thin water 
film and left for 4 to 6 hours. After this time the discs 
were inverted and dusted with a small number of spores to see 
if an inhibitor had been leached out of the spores. Again, no 
inhibition of the detector spores was observed. If a soluble 
inhibitor was present in the spores it should have diffused 
into the agar discs. While it was possible to detect the 
inhibitor from P. graminis tritici spores in agar the results 
were negative for P. coronata uredospores. 
In conclusion, spores were extracted with water or buffer 
and the extract tested directly, or after it had been diffused 
into agar discs. A third method was to try and trap the in­
hibitor directly in agar by germinating spores at high density 
on the agar surface. The only demonstration of inhibition was 
on the water float medium when tested in sealed vessels. In 
open vessels no Inhibition was observed. This suggested that 
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an inhibitor existed, but that it escaped from the open dishes. 
Evidence for a volatile inhibitor produced by the spores 
The similar germination of dense spore populations in open and 
closed dishes could be interpreted to mean the inhibitor was 
always present in effective amounts despite some loss to the 
air. With a lower spore density the amount of inhibitor which 
escaped to the air was not replaced fast enough by the germi­
nating spores to inhibit their germination. The inconsisten­
cies that were recorded for low spore density germination 
tests in open and closed dishes could be explained by the 
escape of the inhibitor. To get further evidence as to the 
volatility of the inhibitor some germination tests were done 
in sealed cells using hanging water drops as a germination 
medium. A small number of spores were dusted onto a drop of 
water placed on a cover slip and inverted over the centre well 
of a Conway or a Van Tiegham cell. Spore masses of 1 to 10 mg 
were floated on water in the bottom of the cells. If the 
large mass of spores produced a volatile self-inhibitor this 
should prevent the germination of the suspended spores. The 
control consisted of a small number of spores on a water drop­
let suspended over water. In a preliminary experiment of this 
type definite inhibition occurred at all spore weights (Table 
18). 
The experiment was repeated with other spore collections. 
In some cases instead of using hanging water drops the cover 
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Table 18. Germination of small numbers of spores separated 
from weighed amounts of spores by an air gap 
Spore 
collection Control 
Germination i t ]  
Spore wt (mg/dish) 
1.0 2.0 4.0 6.0 8.0 10.0 
F 21-6-58 68 19 5 3 0 0 7 
slip was coated with agar, dusted with spores and pressed onto 
the surface of the glass cylinder to form a seal. The agar 
was preferred to the water drop because counting was easier. 
On agar the spores stayed where placed whereas with water they 
bunched at the bottom of the miniscus. Table 19 shows that 
results (collection G 14-3-61) were quite variable with the 
water droplet method. In Experiment 15-3-61 spores dusted 
onto the hanging drop germinated less than 5 percent whether 
a large amount of spores was present or absent. The low ger­
mination of the control was anomalous since spores of this 
collection were germinating 70 percent at the time of the ex­
periment. In Experiment 15-3-61 freshly collected spores of 
the G 15-3-61 collection likewise showed low germination on 
water in the presence and absence of large amounts of spores. 
In Experiment 27-11-61 conducted approximately 8 months later, 
the same spore collection displayed some inhibition only in 
the presence of a large amount of spores. The presence of a 
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Table 19. Germination of trace amounts of spores separated 
from a high spore density by an air gap in sealed 
cells 
Germination (£) 
Spore Experiment Hanging High spore density (mg) 
collection date drop 0.0 1.0 2.0 4.0 5.0 
G 14- 3-61 15- 3-61 Water 3 2 
64 
0 
47 
i 
26 -b 
G 14- 3-61 17- 3-61 Agar 78 
74 
-
- -
G 15- 3-61 15- 3-61 Water 38 27 
70 
34 
39 
45 
7 
G 15- 3-61 17- 3-61 Agar 76 66 
54 
-
— — 
G 15- 3-61 27-11-61 Water 63 3 
47 
37 
36 
16 
16 -
G 27-11-60 17- 3-61 Agar 76 73 
72 - — — 
G 27-11-60 21- 3-61 Agar 76 71 
63 
-
- -
G 27-11-60 24- 3-61 Agar 53 
-
1 
- 52 
- 18 
^Percentage germination of a trace amount of spores 
dusted onto water and sealed over the top of the germination 
cell. 
Percentage germination of a high spore density serving 
as the inhibitor source in the bottom of the germination 
cell. 
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gaseous Inhibitor could not explain the approximately 50 to 70 
percent germination of a 1 mg weight of spores and the 30 per­
cent or less germination at a low spore density in the vessels 
for the G 15-3-61 collection. When the water droplet was re­
placed by a thin layer of agar no inhibition at a low spore 
density was observed for any of the collections, even when 
spores at a high density showed self-inhibition as in Experi­
ment 24-3-61. The variable results with the hanging water 
drops could be caused by the bunching up of the spores at the 
meniscus. This would in effect cause a high spore density 
situation on a small area of the water droplet. 
In the preceding experiments the trace amount and the 
large amount of spores were added to the cells at the same 
time. The possibility existed that the smaller number of 
spores could have germinated prior to the production of an 
inhibitor by the large spore population. To test for this, 
large amounts were placed in the outer ring of Oonway cells, 
petri dishes or small weighing bottles, sealed and left for 4 
hours. At the end of this time the vessels were opened, a 
small number of spores added and the vessels re-sealed. In 
the Oonway cells the small number of spores were floated on 
water in the centre well. The petri dishes and the weighing 
bottles contained small glass cups to which the small number 
of spores were added. It took less than a minute to add the 
spores. Although some inhibitor might have been lost when 
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when the vessels were opened, this should have been replaced 
before the added spores had germinated. The cells and the 
dishes were sealed with lanolin whereas the weighing bottles 
had a ground glass seal. The results in Table 20 indicate 
that no Inhibitor was produced by spores of the G 19-1-60 
collection. The low density spores of the F 15-7-59 collec­
tion did show a decreased germination but it was not consid­
ered to be large enough to demonstrate the presence of an in­
hibitor. 
The evidence for an inhibitor was not conclusive with P. 
coronata spores. Some observations could be explained by the 
production of a water soluble or gaseous inhibitory substance, 
but they were not verified in later experiments. 
Reversal of the Inhibition at a high spore density 
A variety of treatments have been reported to overcome 
the self-inhibition displayed by P. graminis trltici uredo-
spores. It was of interest to try these treatments on large 
populations of P. coronata uredospores that were self-inhibited. 
Some treatments not tested on P. graminis trltici were included. 
The study was important because a reversal of the self-inhlbi-
tion in P. coronata spores would expedite studies on spore 
metabolism where it was necessary to use high spore densities 
in the Warburg flasks. 
79 
Table 20. Germination of a trace amount of spores separated 
from a high, spore density by an air gap in sealed 
vessels 
Germination (Ï) 
Spore Germination High spore density (mg) 
collection system 0.0 5.0 20.0 
F 15-7-59 Conway cells 55 - 43* 
15 
G 19-1-60 Conway cells 39 33 
37 
-
G I9-I-6O Petri dishes 37 AO 
34 -
G 19—1—60 Weighing bottles 39 37 
30 -
^Percentage germination of trace amounts of spores 
separated from the high spore density by an air gap. 
^Percentage germination of spores at a high density. 
These spores served as the source of a volatile inhibitor. 
Effect of moist chamber conditioning It was shown 
earlier that stored spores could be stimulated by a moist 
chamber treatment if,they were germinated at low spore densi­
ties. Therefore, it was of interest to see if the treatment 
would increase the germination of spores germinated at high 
densities. A comparison is made in Figure Ô of conditioned 
and non-conditioned spores germinated at low and high spore 
densities on water. The percentage germination was highest 
with the lower spore density. In three of the four collections 
Figure 8. Effect of a conditioning treatment on the 
germination of large spore populations 
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a conditioning treatment further improved the percentage ger­
mination of the spores at the lower density. By contrast the 
lowest percentage germination for each collection occurred 
when conditioned spores were germinated at a high density. 
The beneficial effect of this treatment was lost if one in­
creased the number of spores per unit area of the germination 
medium. In fact, a conditioning treatment merely accentuated 
the inhibition. It seemed that more inhibitor was produced by 
a prior conditioning treatment and, in the high density envi­
ronment, this inhibitor was not dissipated. In the light of 
this evidence for an inhibitor a renewed effort was made to 
remove it by washing the spores for several hours with water. 
Effect of water washing The spores were washed with 
deionized water in a stoppered bottle that was rotated slowly 
by a motor. The washing was carried out at 5 to 10*0. After 
being washed the spores were dried, weighed into 5 mg lots and 
germinated in open and sealed petri dishes. The germination 
was not improved appreciably by the wash treatment (Table 21 
and 22). 
Effect of surfactants When the spores were washed 
with water they tended to clump and took on a curd-like con­
sistency. It took several hours of washing before a good 
spore suspension formed. To Improve the spore water contact 
a non-ionic surfactant, WR-1339» at 5 percent was tried as a 
wash agent. This chemical was claimed to be non-toxic to P. 
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Table 21. Germination in sealed vessels of spores at high 
density after being washed with water 
Germination of spores at high density Germination 
Spore Washing time in hours of 
collection 0 2 4 6 8 16 24 28 control 
G 18-11-60 2-- - --- 24 93 
2  6  1 0  -  -  4 - -  7 9  
G 4-11-60 45 37 31 29 16 19 36 - 47 
Table 22. Germination in open vessels of spores at high 
density after being washed with water 
Germination of spores at high density Germination 
Spore Washing time in hours Of 
collection 0 2 4 6 8 16 24 28 control 
G 18-11-60 4 ------ 49 93 
2 7  4  -  -  9 - -  7 9  
G 4-11-60 46 43 40 39 34 21 46 - 47 
graminis trltici spores by Allen of Wisconsin in a personal 
communication (1959)• The spores were washed with the sur­
factant, removed, rinsed with distilled water, dried, weighed 
into 5 mg lots, then spread over the surface of fresh WR-1339 
solution. The spores were from the G 18-11-60 collection and 
germinated about 6 percent on water at high densities. Spores, 
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at low density, germinated about 70 percent on water or on the 
solution of WR-1339. It was found that spores at high density 
germinated as well as the controls with or without a washing 
treatment provided the petri dishes were not sealed. In 
sealed dishes the results were less striking. Table 23 shows 
that all that was necessary to overcome the self-inhibition 
was to float the spores on the surfactant. However, the sur­
factant effect was dependent on an open germination system. A 
volatile substance produced by the germination at the high 
densities could have caused the low germination in the sealed 
dishes but this has not been confirmed. 
Several collections were tested by floating 5 mg lots of 
spores directly on the WR-1339, at several concentrations. 
Another surfactive agent, Tween-20, was included in the test. 
Sealed vessels were used since this would be a better test of 
the ability of the surfactants to reverse the self-inhibition. 
The controls consisted of small numbers of spores dusted onto 
water. Table 24 shows that Tween-20 was most effective at 1 
percent whereas WR-1339 worked best at 1 or 5 percent. The 
Tween-20 proved superior to WR-1339 in stimulating germination. 
However 1 and 5 percent WR-1339 was not toxic to the spores 
whereas 1 percent Tween-20 was slightly toxic. Toxicity was 
judged on the appearance of the germ tubes, and not the per­
centage germination of the spores. On water or WR-1339 the 
germ tubes were smooth walled and long, whereas on Tween-20 
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Table 23. Germination at high, spore densities after being 
washed with a surfactant (5# aqueous WR-1339) 
Wash time Germination vessels 
in hours Open Closed 
0 80 38 
2 77 33 
4 53 26 
8 72 67 
16 52 18 
32 62 15 
Control 75 — 
they were shorter and often twisted or knarled in appearance. 
Moreover Tween-20 caused some bursting of the germ tubes 
whereas this did not happen on water or WR-1339* 
The results obtained in sealed dishes have been confirmed 
by repeated experiments in Warburg flasks. These results were 
gathered in conjunction with measurements of uredospore respi­
ration. The germination of spores on the wetting agents in 
sealed flasks approached that of the trace amounts of spores 
on water in open petri dishes. Without the wetting agents the 
percentage germination was low for spores at high density. 
The optimum concentration for each wetting agent was about 1 
percent (Table 25). 
Table 24. Germination at high spore densities in sealed vessels as a function of 
surfactant concentration 
Germination (%) 
Spore 
collection Surfactant 0 0.001 
Percent 
0.01 
surfactant 
0.1 1 5 10 20 Cont] 
G 18-11-60 WR-1339 6 _ 52 57 2 87 
11 - - - - 54 12 1 91 
F 19- 7-60 WR-1339 48 - - - - 47 12 6 50 
G 14- 3-61 WR-1339 29 14 19 31 47 — • 62 
Tween-20 17 20 55 61 - - -
G 15- 3-61 WR-1339 12 9 11 16 65 • — _ 84 
Tween-20 5 15 53 84 - - -
G 15- 1-61 WR-1339 12 10 4 10 29 — — 75 
Tween-20 6 5 40 78 - — -
aSmall number of spores dusted onto water and germinated in open dishes. 
Table 25. Effect of wetting agents on overcoming en masse Inhibition of spore 
germination in sealed Warburg flasks 
Germination LK>) 
Spore Wetting Percent wetting agent 
collection Experiment agent 0 0.3 f"" 2 5 lo Oonti 
G 10-2-61 8—6—61 WR-1339 
Tween-20 
24 
54 
66 
59 60 
20 - 45 
G 14-3-61 12-6-61 WR-1339 
Tween-20 
6 66 
37 
62 
56 37 
37 - 39 
G 15-3-61 13-4-61 WR-1339 
Tween-20 
2 - 25 
55 — 
-
-
80 
4-5-61 WR-1339 
Tween-20 
3 16 
25 
12 
18 -
2 0 80 
13-5-61 WR-1339 
Tween-20 
2 48 
21 
47 
9 8 
4 
-
71 
23-5-61 WR-1339 
Tween-20 
4 31 
24 
36 
41 24 
1 - 71 
21-6-61 WR-1339 
Tween-20 
0 -
42 54 
3 - 69 
F 7-7-61 9-7-61 WR-1339 
Tween-20 
36 
54 48 45 
70 49 83 
F 12-7-61 13-7-61 WR-1339 
Tween-20 
23 
63 
55 
77 68 
65 54 
0 
95 
88 
Table 25 shows considerable variability among repeated 
experiments with the same spore collection. This is seen by 
comparing germination values for the G 15-3-61 collection on 
different dates. At present the cause for this variation can 
not be explained. Allen (2) attributed the variability in 
spore germination counts to an endogenous inhibitor. This 
could explain, in part, the variation in these experiments. 
Effect of some chemical stimulators Many of these 
chemicals were tested prior to the discovery of the surfactant 
effect on spore germination. The chemicals were tried because 
they overcame the self-inhibition of P. graminis trltici ure-
dospores (73). About 1 mg of spores were spread over the sur­
face of 0.5 ml of the solutions in open deep well slides. The 
solutions were adjusted to an initial pH of 6.5. Table 26 
shows that with this weight of spores, self-inhibition did not 
occur in the controls. Therefore, this was not a true test of 
the chemicals. Some chemicals were toxic at concentrations of 
400 or 1000 ppm. 
The experiments were repeated in sealed vessels, and the 
results are presented in Table 27. In Experiment 15-10-59» 1 
mg of spores were spread across 0.8 ml of water in deep well 
slides with a diameter of about 2 cm. Even though germination 
of the spores on water was fairly high stimulation was evident 
with some of the chemicals. The experiment was repeated using 
conditioned spores. It was shown earlier that conditioned 
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Table 26. Effect of some chemical stimulators on germination 
in open dishes at a high spore density 
Germination {%) 
Spore Chemical concentration (ppm) 
collection Chemical 0 10 20 100 200 400 1000 
F 15- 7-59 Indoleacetic 72 73 77 74 75 +a +a 
Protocatechuic 70 64 68 62 49 44 
Coumarin 82 80 79 77 67 1 
0-coumaric 86 77 74 82 86 76 
G 11-12-59 Indoleacetic 45 * 45 • — 
Protocatechuic - - 50 - - -
Coumarin - - 58 - - -
0-coumaric - - 51 - - -
G 19— 2—61 Indoleacetic 66 70 73 63 72 33 4 
Pro to catechol c 64 71 66 60 51 31 
Coumarin 65 58 63 59 35 1 
0-coumarin 59 57 62 62 56 37 
a+ spores too dense to count. 
spores germinated at a high spore density showed more inhibi­
tion than non-conditioned spores. To further ensure inhibi­
tion, the weight of spores was increased to 20 mg spread across 
3 ml of the chemical solutions in petri dishes 6 cm in diam­
eter. Finally, the dishes were sealed to provide the maximum 
opportunity for expression of an Inhibition of spore germina­
tion. Under these conditions self-inhibition did occur on 
water in Experiments 27-10-59 to 7-11-59 Inclusive. Indole-
acetic acid and coumarin were the most effective and func­
tioned best at a concentration of 200 to 400 ppm. The last 
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Table 27. Effect of some chemical stimulators on germination 
in sealed dishes at a high spore density 
Germination (%) 
Chemical concentration (ppm) 
Experiment8, Chemical 0 10 20 100 200 400 1000 
20-10-59 Indoleacetic 45 66 65 68 60 18 0 
Protocatechuic 57 53 34 27 53 11 
Coumarin 45 39 54 74 42 0 
0-coumaric 26 27 77 41 20 1 
27-10-59 Indoleacetic 15 33 27 34 45 26 1 
Protocatechuic 24 18 5 1 1 1 
Coumarin 14 31 41 26 22 0 
0-coumaric 25 26 18 12 11 3 
4-11-59 Indoleacetic 22 25 50 50 43 42 0 
Coumarin 34 36 39 43 46 0 
6-11-59 Indoleacetic 10 9 8 30 29 25 _ 
Coumarin 19 28 49 54 13 -
7-11-59 Indoleacetic 5 7 3 3 24 37 -
8-H-59 Indoleacetic 9 15 12 36 54 66 0 
All experiments but 8-11-59 were done with spores that 
received a 12 hour conditioning treatment prior to being placed 
on the solutions of the chemicals. 
experiment in Table 27 shows that with a large mass of non-
conditioned spores inhibition could be demonstrated and was 
reversed with indoleacetic acid. 
In summary the inhibition of germination at high spore 
density differs from that at low spore density in that it is 
not reversed by a conditioning treatment. In fact, a condi-
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tlonlng treatment accentuated the self-Inhibition of the large 
population of spores. The inhibition can be removed to some 
extent by the use of indoleacetic acid or coumarin. The 
former was most effective at 400 ppm whereas the latter worked 
best at 100 or 200 ppm. Certain surfactants also removed the 
self-inhibition. A 1 percent aqueous solution of Tween-20 and 
a 1 or 5 percent aqueous solution of WR-1339 were most effec­
tive. These treatments had a practical application in meta­
bolic studies. Spore respiration on the surfactants is dis­
cussed in another section of the results. 
Spore Respiration 
Studying the respiratory metabolism of germinating Puc­
cini a uredospores has been difficult because of the self-
inhibition displayed at high spore densities. In respiration 
studies reported in the literature from 2 to 35 mg of spores 
have been used per Warburg flask. This, of course, is a high 
spore density, and on water the germination was less than 10 
percent in most cases. Use of surfactants permitted germina­
tion in dense spore suspensions. Therefore, a study was made 
of the effect of surfactants on spore respiration, including 
possible changes associated with spore germination. 
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Respiration on surfactants and on water 
It has been shown that 1 percent Tween-20 and 1 or 5 per­
cent WR-1339 were successful In overcoming the self-inhibition 
of germination displayed at high spore densities. These solu­
tions were used without adjustment in initial pH. For Tween-
20 this was pH 3 to 4, while for the WR-1339 it was about 5.5. 
The same concentrations and pH were used for many of the ex­
periments on spore respiration. 
The rate of oxygen uptake was determined for 5 mg of 
spores placed on solutions of Tween-20, WR-1339, and on water. 
Readings were taken at 10 minute intervals for the first 2 
hours, then at 15 minute intervals for the next 3 hours, and 
at 30 minute intervals for the remainder of the experiment. 
The results are expressed as total microlitres of oxygen per 
mg of spores. 
In Figure 9 results are shown for 1 day old spores of 
collection F 12-7-61. The maximum respiration rate occurred 
on the Tween-20. The lowest respiration rate was on water, 
while that on WR-1339 was intermediate. The curves were 
smooth, with a maximum rate in the first 2 to 3 hours. After 
this period the curves became essentially linear. Figure 10 
shows the rate curves for 4o day old spores of the G 15-3-61 
collection. Again, the respiration rate on Tween-20 was 
higher than on water whereas the rate on WR-1339 was inter­
mediate. If a comparison is made between the two collections, 
Figure 9. Effect of surfactants, WR-1339 and Tween-20, 
on respiration of spores of collection 
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Figure 10. Effect of surfactants, WR-1339 and Tween-20, 
on respiration of spores of collection 
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it can be seen that the spore respiration response was similar 
on all three substrates, but the magnitude varied, especially 
in the case of WR-1339• In Table 28 data are presented for 
several collections to show the variability encountered when 
measuring the respiration of P. coronata uredospores. The 
table shows that the oxygen uptake was higher on the surfac­
tants than on the water and this was true for both field and 
greenhouse spores. Usually but not always, the respiration 
was higher on Tween-20 than on WR-1339. For example, collec­
tion G 14-3-61 tested on 12-6-61 respired equally well on both 
surfactants. Collection G 15-3-61 responded more to Tween-20 
than WR-1339 when tested on 23-4-61, but when tested approxi­
mately a month later the higher respiration occurred on the 
WR-1339. The table shows that the variability between dupli­
cate flasks was less than that between experiments for the 
same collection. Spore age may account for some of this vari­
ability. The two field spore collections were much fresher 
than the greenhouse collections, and there was less varia­
bility between duplicate flasks in an experiment and between 
experiments. Other workers have commented upon the variability 
in respiration measurements with Puccinia spores (20). 
To examine the change in rate with time, oxygen uptake 
was plotted on an extended scale and rates were determined 
from the curves. The field spores were 1 day old and the 
greenhouse spores were 40 days old. The rates shown in the 
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Table 28. Microlitres Og uptake for spores of several collec­
tions on two surfactants and on water 
P>1 Og uptake13 
Spore Experiment Time (hrs ) 
collection date Substrate3, 0.5 1.0 3.0 5.0 7.0 
G 14-3-61 12-6-61 Water 2 4 11 16 20 
2 4 11 16 20 
WR-1339 2 5 16 26 34 
2 5 17 28 36 
Tween-20 2 4 15 23 32 
2 5 16 26 36 
G 15-3-61 23-4-61 Water 6 11 21 26 32 
5 9 18 23 28 
13-5-61 2 3 11 17 22 
23-4-61 WR-1339 6 11 24 33 41 
7 13 28 38 45 
13-5-61 4 7 21 31 40 
23-4-61 Tween-20 7 14 35 51 67 
7 14 37 54 72 
13-5-61 4 8 18 27 33 
F 7-7-61 7-9-61 Water 4 7 17 24 32 
5 8 18 26 33 
Tween-20 7 12 28 42 56 
6 11 25 38 50 
F 12-7-61 13-7-61 Water 3 6 12 18 23 
3 6 12 18 23 
19-7-61 3 5 12 17 22 
13-7-61 WR-1339 4 7 19 30 39 
19-7-61 4 7 16 24 32 
13-7-61 Tween-20 6 12 32 49 66 
7 11 29 45 62 
19-7-61 7 12 29 45 59 
aWR-1339 and Tween-20 concentration 1 percent. 
^Og uptake for each time period expressed as V>1 Og per mg 
fresh weight of spores. Adjacent rows of figures on the same 
date are from duplicate flasks. 
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figures presented are not necessarily representative of all 
the data to be presented later. They were chosen because the 
spores used in these experiments were the freshest available. 
As will be seen later, spore age had an effect on rates. In 
Figure 11 the rate curves are presented for spores of the 
F 12-7-61 collection. The respiration of rust spores on water 
was quite low. On a 1 percent water solution of either sur­
factant the rate increased. All three curves had relatively 
high initial rates that decreased steadily with time. The 
maximum rate decrease occurred in the first 3 hours. After 
3 hours and up to approximately 10 hours the decrease was slow. 
The shape of the curves varied with the two rust collections 
but the order of response on the three media was similar 
(Figure 12). Farkas and Ledingham (20) reported a similar de­
crease in rates during the first 2 to 3 hours for P. graminls 
tritlci spores respiring on water. Table 29 shows the respi­
ration rates and the percentage germination in the flasks for 
several spore collections. This is the same data as in Table 
28 expressed in another way. The table shows that the rates 
on water were less than those on the surfactants when a com­
parison is made among the three media in a single experiment. 
As a collection aged in storage the difference between rates 
on the water and the surfactants decreased. The collections 
are arranged in order of age, the G 14-3-61 containing the 
oldest and the F 12-7-61 the youngest spores. In experiment 
Figure 11. Change in respiration rates with time of 
spores from the F 12-7-61 collection on 
two surfactants and on water 
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Figure 12. Change in respiration rates with time of 
spores from the G 15-3-61 collection on 
two surfactants and on water 
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Table 29. Comparison of rates at various times on water and surfactants for 
several collections 
P-l Op/mg/hr13 
Spore 
collection 
Experiment 
date 
Time (hrs) 
Substrate 0.5 1.0 3.0 5.0 7.0 
Germination 
{ % )  
G 14-3-61 
G 15-3-61 
F 7-7-61 
12—6—61 Water 4 4 4 2 2 4 
5 4 3 3 2 9 
WR-1339 5 5 6 6 4 64 
6 6 6 6 5 60 
Tween-20 5 5 4 4 4 58 
6 6 5 4 5 55 
23-4-61 Water 11 8 5 2 2 5 
10 6 4 2 2 5 
13-5-61 4 4 3 3 2 2 
23—4—61 WR-1339 12 8 5 4 4 50 
13 10 6 4 4 47 
13-5-61 8 8 6 5 4 47 
23-4-61 Tween-20 14 13 8 8 8 64 
16 14 10 7 8 62 
13-5-61 9 7 5 5 3 9 
7-9-61 Water 8 6 4 4 4 32 
10 6 4 4 3 39 
7-9-61 Tween-20 11 10 8 8 7 55 
10 9 7 6 6 41 
aWR-1339 and Tween-20 concentration 1 percent. 
^Rates expressed on a per mg spore fresh weight, 
on the same date are from duplicate flasks. 
Adjacent rows of figures 
Table 29 (Continued). 
PI 02/mg/hrb 
Spore Experiment Time (hrs) Germination 
collection date Substrate 0.5 1.0 3.0 5.0 7.0 {%) 
F 12-7-61 13-7-61 Water 6 4 3 3 2 15 
6 4 3 2 2 27 
19-7-61 8 3 3 3 2 43 
13-7-61 WR-1339 8 6 6 5 6 55 
19-7-61 8 6 4 4 4 31 
13-7-61 Tween-20 11 11 9 8 8 75 
11 11 9 9 9 79 
19-7-61 12 10 8 8 6 57 
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12-6-61 with collection G 14-3-61 the difference between water 
and the surfactants is small for 88 day old spores. By con­
trast, in Experiment 13-7-61 with collection P 12-7-61 the 
difference is greater for 1 day old spores. Unfortunately, 
the G 14-3-61 spores were not tested earlier than 12-6-61 so 
the rates of fresh spores were not known. The G 15-3-61 col­
lection was tested when the spores were 4o and 57 days old. 
The rates on each medium were higher for the 40 day old than 
for the 57 day old spores. The results show that rates were 
higher on the surfactants than on water, but this difference 
decreased as the spores aged. The surfactant and the age 
effect on respiration were observed in both field and green­
house spores. 
The spores germinated to some extent on water, but in 
most instances the percentage germination did not compare with 
that on the surfactants. Although germination and respiration 
were altered by the choice of the medium, there seemed to be 
little correlation between the two physiological processes. 
Examination of the oxygen uptake curves failed to detect any 
sudden increases in respiration that could be correlated with 
the onset of germination. The curves were essentially smooth 
for all three media. Since the spores germinated quite well 
on the surfactants it was possible to estimate the magnitude 
of the respiration of germinated and non-germinated spores. 
In a preliminary experiment, it was found that at the end of 
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3 hours in sealed flasks, the spore germination was 15 percent 
on Tween-20 and 50 percent on WR-1339• After 9 hours the ger­
mination was 60 percent on each medium. It was doubtful that 
many of the spores had germinated at the end of one hour and 
certainly not by the end of the first half hour. Therefore, 
a comparison was made of the rates at 30 minutes and 9 hours 
on the two surfactants. At these times the spores were as­
sumed to be non-germinated and germinated, respectively. 
Table 30 shows that the rate for non-germinated spores was 
higher than that for germinated spores. The exception was 
collection G 10-2-61 tested on Tween-20 in Experiment 8-6-61. 
In this case, the rates for non-germinated and germinated 
spores were the same. It was concluded that on the surfac­
tants the respiration rates for germinated spores was equal 
to, or lower than, that of non-germinated spores. The test 
was not run on water because the spores could not be made to 
germinate at a high spore density. Shu e_t al. (63) apparently 
were not troubled by a self-inhibitor with the spores used in 
their study. They reported the magnitude of respiration and 
the respiratory quotient were similar for equal weights of 
non-germinated and germinated spores of P. graminls triticl 
on a water medium. The germinated spores were 3 days old when 
their respiration was determined. The present results are not 
strictly comparable to those of Shu et al. (63) because of the 
difference in rust species, age of the germinated and non-
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Table 30. Comparison of respiration rates for non-germinated 
and germinated spores on two surfactants 
Spore 
collection Experiment Surfactant3, 
PI 02/mg/hr 
Time (hrs) 
0.5 9.0 
Germination 
<*> > 
(9 hrs) 
6 10—2—61 8-6-61 WR-1339 6 2 66 
G 15-3-61 23-4-61 12 3 48 
F 12-7-61 13-7-61 8 5 55 
G 10-2-61 8-6—61 Tween-20 5 4 59 
G 15-3-61 23-4-61 15 7 63 
F 7-7-61 9-7-61 11 7 48 
F 12-7-61 13-7-61 11 7 77 
germinated spores, and the media. 
Factors affecting surfactant stimulation of respiration 
Although it did not appear that germination had a marked 
effect on respiratory rate as measured by oxygen consumption, 
an exploratory study was made of several factors affecting 
respiration rates in the presence of the surfactants. These 
were concentration, pH, and wetting action of the surfactants, 
and oxygen concentration. In addition the respiratory quo­
tient was determined for spores on water and on Tween-20. 
The majority of the investigations with the surfactants 
were done with a 1 percent aqueous solution of Tween-20 and a 
1 or 5 percent solution of WR-1339. These concentrations were 
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chosen because they overcame the inhibition displayed at high 
spore densities in petrl dishes. 
It had been established that the surfactants did increase 
spore respiration as compared to water. Three concentrations 
of Tween-20 and three of WR-1339 were compared for their ef­
fect on respiration. This was done to see if the rates varied 
with concentration of the surfactants. Table 31 shows that 
respiration was higher on the surfactants than on the water 
as expected. However, the rates on each surfactant were about 
the same for all concentrations when compared within a collec­
tion. Apparently the lowest concentration that limited respi­
ration on Tween-20 or WR-1339 was not reached. The 2 percent 
Tween-20 and the 10 percent WR-1339 were the highest concen­
trations that could be tested because they were slightly in­
jurious to the spores as evidenced by the misshapen germ tubes, 
or reduction in percentage germination. On the basis of res­
piration and germination response, the optimum concentrations 
were 1 to 2 percent Tween-20 and 1 to 5 percent WR-1339. 
A freshly prepared aqueous solution of Tween-20 had a pH 
of 3 to 4. At this pH germination of P. coronata spores may 
be limited by the hydrogen ion concentration (10). Since this 
pH affected germination of the spores, it was tested for an 
affect on respiration. This was done by comparing the rates 
at pH 3 to 4 and at 6.3 to 6.5. The latter pH was chosen be­
cause it did not limit spore germination (10). The higher pH 
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Table 31. Respiration rates as a function of surfactant 
concentration 
P-l Og/mg/hr 
Spore Percent surfactant 
collection Surfactant 0 0.5 1 2 5 10 
G 15-3-61 WR-1339 4 6 8 6 
5 10 6 - 6 8 
5 6 5 - 6 -
F 7-7-61 6 - - - 10 8 
F 12-7-61 4 — 6 • 10 9 
3 - 6 - 7 6 
G 15-3-61 Tween-20 4 6 7 8 _ 
5 10 11 - - -
5 9 10 10 - -
F 7-7-61 6 8 9 8 - -
F 12-7-61 4 8 11 12 _ 
3 6 10 10 - -
medium was prepared by adjusting the stock solution with acid 
or base on a Beckman pH meter, then diluting to the desired 
concentration with water. 
Table 32 shows that the pH drifted upwards during the 
respiration period. The greater drift occurred in solutions 
having the lower pH values. Similar drifts were observed for 
spores germinated in petri dishes on water or surfactants. 
This upward drift would explain the high percentage germina­
tion of spores on the surfactants despite the low initial pH. 
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Table 32. Respiration of spores on 2 percent Tween-20 as a 
function of pH 
PI 02/mg/hr 
Spore pH Time in hours 
collection Initial Final 0.5 1 2 3 5 
G 10-2-61 4.0 5.2 7 7 7 7 6 
6.5 6.4 9 9 9 9 7 
3.9 4.7 5 5 5 5 5 
6.4 5.9 7 8 6 6 5 
G 14-3-61 2.9 4.1 2 3 3 3 3 
6.3 6.6 5 4 4 3 4 
G 15-3-61 2.9 3.9 6 7 7 5 5 
6.3 6.7 10 9 7 6 6 
3.9 4.6 6 6 6 6 6 
6.4 6.0 7 8 6 6 5 
F 7-7-61 4.0 5.1 7 8 8 7 7 
6.5 6.4 12 12 10 9 8 
F 12-7-61 3.9 4.9 11 11 8 8 7 
6.4 5.8 12 12 9 8 8 
4.0 5.4 10 11 10 9 7 
6.5 . 6.4 11 12 9 9 8 
2.9 4.3 8 11 8 8 7 
6.3 6.3 6 12 10 9 10 
5.2a 6.5 7 5 4 4 4 
aRates for last row of figures of collection F 12-7-61 
were for a water medium. 
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The respiration rates were higher at pH 6.3 to 6.5 than at pH 
3.0 to 4.0 for all five of the collections tested. Further 
work is needed to see if the small differences in rates for 
some of the collections were significant. In the last experi­
ment with collection F 12-7-61, a water treatment was included. 
It can be seen that respiration rates on water were lower than 
those on Tween-20 at either pH. It was concluded that al­
though the respiration on the surfactant did respond to pH 
this could not account for the higher rates on Tween-20 as 
compared to water. 
The higher rates on the surfactants might be explained by 
an improved contact between the spores and the medium. Since 
spores rubbed between glass will wet in water, this treatment 
should stimulate respiration if improved wettability was the 
factor causing the increased rates on the surfactants. The 
spores were wetted by placing them in a Potter-Blvehjem tube 
containing water and rubbing them gently with a glass pestle 
turned at a slow speed by an electric motor. Passing the 
glass pestle through the tube 15 to 20 times was sufficient to 
wet the spores and form a uniform suspension. Prior to being 
rubbed the spores floated on the water surface and could not 
be suspended even with vigorous shaking. Table 33 shows the 
respiration of rubbed spores was no different than that of 
unrubbed spores when they were tested on water. The respira­
tion of the rubbed spores seemed to be lowered temporarily on 
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Table 33. Respiration rates of rubbed and unrubbed spores 
on surfactants and on water 
V>1 Og/mg/hr 
Medium Treatment 0.5 1 
Time 
2 
in hours 
3 5 7 9 
Water Rubbed 9 7 5 4 4 3 3 
Unrubbed 8 5 5 4 4 3 2 
WR-1339 Rubbed 7 6 6 5 4 3 3 
5 percent Unrubbed 10 6 5 5 4 4 4 
Tween-20 Rubbed 8 7 8 8 7 6 6 
2 percent Unrubbed 12 12 12 12 10 10 9 
Tween-20 Rubbed 9 10 9 9 8 9 7 
1 percent Unrubbed 10 13 10 10 8 8 7 
the surfactants. More work would be required to confirm this 
reduction. The rubbing treatment did not substitute for the 
wetting agent effect. Thus, the effect of the surfactants 
was not explained by an increased wettability of the spores. 
The spores germinated readily if applied to the media in 
trace amounts. This suggested that oxygen permeability was 
not a limiting factor in germination under these conditions 
and probably also did not limit respiration. However, in the 
flasks containing water, oxygen diffusion into the spores 
could be limiting since the spores were at a high density and 
clumped together when shaken. To test this, respiration was 
measured in 10 and 40 percent of oxygen by volume. Table 34 
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Table 34. Respiration of spores on water as affected by-
oxygen concentration 
P-l Og/mg/hr 
Experiment Medium 
Percent 
oxygen 0.5 
Time 
1 
in hours 
2 3 5 
1 Water 10 3 3 3 3 2 
2 6 6 5 4 4 
1 20 3 3 4 3 3 
2 5 5 5 4 4 
1 4o 3 3 4 3 3 
2 5 4 4 4 4 
1 Tween-20 20 10 10 10 8 8 
2 2 percent 9 10 11 9 9 
shows that respiration of spores at high density was not 
changed at oxygen concentrations above or below the 20 percent 
in air. Since respiration rates were similar at 10 and 4o 
percent oxygen it seemed unlikely that oxygen diffusion was 
limiting respiration on water. The rates varied "between ex­
periments, but within an experiment there was good agreement. 
A 2 percent solution of Tween-20 was included in the experi­
ments for comparison with water. It can be seen in Table 34 
that none of the rates on water were as high as those on Tween-
20 in air. The spore respiration on water could not be raised 
to the level on Tween-20 by oxygen concentrations within the 
range tested. In a single experiment similar oxygen concen­
trations were tested on spore respiration on Tween-20. Some 
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stimulation may have occurred in 10 percent oxygen as compared 
to the rate in air. The rates in 4o and 20 percent oxygen 
were similar but lower than those in 10 percent oxygen. The 
results are tentative; more tests would have to be done to see 
if the stimulation at low oxygen concentrations were reproduc­
ible. 
These respiration measurements were made over relatively 
long periods of time and some bursting of the germ tubes 
occurred, especially at the highest concentration of Tween-20. 
Consequently, one could suspect the higher rates on the wet­
ting agents were due to contamination. That contamination was 
not a factor has been shown in two ways. First of all, flask 
contents were examined carefully for bacteria at the end of an 
experiment. This was done by removing a loopful of the flask 
contents, staining them with gram stain (50) and observing 
them under oil immersion. No bacteria were seen on the slides. 
Microscopic observations of flask contents also failed to de­
tect yeast cells. Secondly, some experiments were run in 
which 100 ppm of aureomycin hydrochloride was added to flasks 
containing the surfactants. The rates on the surfactants with 
and without the antibiotic did not differ appreciably. The 
data from a typical experiment are shown in Table 35. 
In other species of rusts the fat present in the spores 
is thought to be a major substrate respired in the germination 
of the spores. It was of interest, therefore to get some 
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Table 35. Respiration of spores on surfactants and on water 
with and without aureomycin 
PI Og/mg/hr 
Medium 
Aureomycin 
100 ppm 0.5 1 
Time 
2 
in hours 
3 5 7 9 
Water + 5 5 4 3 3 3 4 
- 5 5 5 3 3 2 2 
WR-1339 + 6 4 4 2 2 2 3 
5 percent - 6 6 5 3 3 3 4 
WR-1339 + 5 5 5 4 4 2 3 
- 6 5 5 4 4 3 -
Tween-20 + 10 10 8 7 7 6 6 
1 percent - 10 10 7 6 6 6 6 
Tween-20 + 8 8 6 4 4 4 4 
0.5 percent 9 9 7 7 7 6 5 
evidence for the respiration of fats in P. coronata spores 
germinated on the surfactants. This was done by determining 
the respiratory quotients for spores of one field and one 
greenhouse collection on water and on Tween-20. The data was 
limited to one experiment on each collection. The respiratory 
quotient for field spores was 0.61 and for greenhouse spores 
it was 0.55 at the end of a 5 hour respiration period on water. 
The quotients fluctuated considerably during the first 3 hours. 
After this time they remained fairly constant. For example 
with the field spores it changed from an initial 0.58 at 10 
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minutes to 0.45 at the end of 1 hour. During the next 2 hours 
it increased to 0.57» In the case of the greenhouse spores 
the quotient was 0.72 at 10 minutes and rose to 0.86 during 
the first hour. In the next 2 hours it decreased steadily to 
0.63. The respiratory quotients for spores of the same field 
and greenhouse collections germinated on a 2 percent Tween-20 
water solution were 0.56 and 0.77 respectively at the end of 
5 hours. As with water the quotients changed during the res­
piration period. Despite the differences in values for the 
two collections, the limited data suggests that the spores are 
utilizing fat. It would seem that the surfactant effect did 
not cause a change in the nature of the respiration. 
Effect of Metabolic Inhibitors on Spore Germination 
A number of exploratory studies were done to learn more 
about the spore germination process. Two of these lines of 
study have shown some promise and are presented in this sec­
tion of the thesis. The investigations were carried out with 
trace amounts of spores to avoid the low germination caused by 
a large spore population. The results are separated into two 
sections on the basis of what was known about the chemical 
action of these compounds. The first one deals with effects 
of ethylenediaminetetraacetic acid on spore germination. The 
second section discusses compounds that are considered to in­
activate enzymes. Some of them may also act as chelators to 
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some extent. 
Respiration studies have not been made with these inhibi­
tors, the reason being that at the time a method had not been 
devised to overcome the inhibition of germination shown by-
spores at a high density. Now that this has been solved, the 
next step would be to test the chemicals on the respiration of 
germinating spores. 
Effect of EPIA, on spore germination 
Couey and Smith (10) reported that P. coronata spore 
germination was inhibited by zinc and hydrogen ions and that 
this inhibition was reduced by divalent ions such as calcium 
or magnesium. These authors proposed that the zinc and hydro­
gen ions inhibited by displacing native cations from the cell 
surface. Sussman (67) has shown that ethy1enediaminetetra-
acetic acid, hereafter referred to as EDTA, inhibited the ger­
mination of activated ascospores of Neurospora sitophila. The 
inhibition was reversed by the addition of calcium and magne­
sium ions to the spores. Therefore, P. coronata spores were 
treated with EDIA to see if germination was inhibited and if 
so, reversed by the addition of a divalent cation. 
In preliminary experiments the spores were rubbed between 
glass to submerge them in the EDTA solutions. This was done 
to increase contact of the EDIA solution and the spore surface. 
The spores were left overnight at 20*0, then removed, washed, 
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dried, and dusted in trace amounts onto gelatin. A wide 
range of concentrations was tested since the sensitivity of 
the spores to the EDIA was not known. Table 36 shows that 
EDTA inhibited germination at the two highest concentrations. 
This was masked in part by the low and variable germination of 
the controls. The control spore response was not caused by 
rubbing since other experiments showed this treatment only 
reduced germination by approximately 10 percentage units. It 
was found later that submerging rubbed spores under water for 
long periods of time at 20*0 reduced their germination. Fig­
ure 13 shows that washed or unwashed submerged spores decreased 
from 60 percent to less than 5 percent germination after a 24 
hour submersion in water. Figure 14 shows that spores sub-
Table 36. ED TA inhibition of spore germination8. 
Germination {%) 
Spore 
collection 0 10-4 
ED TA conc. 
10-3 
(M) 
10-2 10-1 
F 14-7-60 18. 26 4o 3 0-1 
36 31 50 7 4 
2 22 26 5 0-1 
F 19-7-60 22 25 21 3 1 
aSpores immersed in EDTA solution overnight, then ger­
minated in trace amounts on gelatin the next day. 
Figure 13. Effect of submersion in water on the germi­
nation of rubbed spores 
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Figure 14. Germination of rubbed spores after sub­
mersion in water or 10"3 M EDIA 
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merged under 1 0 m  e d T A  behaved In a similar manner. Appar­
ently, the EDTA treatment did not reduce the percentage ger­
mination of rubbed spores. 
In a second method the spores were floated at low densi­
ties on a water solution of EDTA at 20*0. When tested this 
way the spores germinated less than 5 percent on 10™^ M or 
10-3 M EDTA. The effect of 10jj EDTA has been confirmed by 
several experiments. It was difficult to understand why the 
EDTA did not inhibit the submerged spores but did inhibit the 
floated spores. Apparently very little spore contact is re­
quired with the EDTA solution for an effect on germination. 
Once EDTA inhibition had been established a search was 
made for ways to prevent the inhibition. Five concentrations 
of calcium chloride were tested at each concentration of the 
EDTA. Each combination was tested by mixing with gelatin, 
adjusting to pH 6.5, and then dusting with small numbers of 
spores once the gelatin had set. Each calcium chloride-EDTA 
combination was replicated five times using two spore collec­
tions. Table 37 shows that 10or 10"^ M EDTA inhibited 
spore germination. This inhibition was reversed by an equi-
molar concentration of EDTA with collection F 12-7-61. The 
reversal of the 10"^ M EDTA inhibition by a 10"^ calcium 
chloride solution with collection F 7-7-61 cannot be explained. 
The work would have to be repeated to see if a collection dif­
ference existed. The calcium chloride was not toxic to the 
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Table 37- Prevention of EDTA Inhibition of spore germination 
by calcium chloride3. 
Germination (%) 
Spore EDTA Calcium h chloride (M) 
collection (M) 0 10"4 10-3 10 "2 10 1 
P 12-7-61 0 75 65 76 66 69 
10-3 19 4 62 69 59 
10-2 1 6 3 70 57 
P 7-7-61 0 52 54 51 55 51 
10-3 4 50 52 55 53 
aTrace amounts of spores germinated on gelatin contain­
ing the EDTA-calcium chloride combinations shown above. 
spores at any of the concentrations employed. These results 
show that EDTA was inhibitory but that this effect could be 
reversed if calcium chloride and EDTA were added simultaneously 
to the gelatin medium. 
The ultimate goal was to see if inhibition as a result of 
prolonged exposure of the spores to EDTA could be reversed by 
transferring the spores to a calcium chloride solution or to 
water. The spores were floated for 3 or 6 hours on a 10 "3 M 
EDTA solution at pH 6.5. After exposure, the EDTA solution 
was removed, the spores were washed twice with water then 
floated on fresh water or a 10 "3 M calcium chloride solution 
for a designated time. The results of three experiments are 
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shown in Table 38• The second column lists the treatment 
while the next three columns designate the hours the treatment 
was applied. For example, in Experiment 1, row 1, spores 
floated on water for 3 hours germinated 61 percent, and after 
17 hours on the water they had germinated 75 percent. In row 
3 of the same experiment the spores were floated on EDTA for 
3 hours then transferred to water for 17 hours and jounted. 
The germination was 19 percent. Table 38 shows that EDTA in­
hibited spore germination. The inhibition was the same after 
a 3 or 6 hour exposure to the chemical. Transferring the 
spores from the EDTA to calcium chloride solutions reversed 
the EDTA inhibition of spore germination. The reversal was 
more pronounced after the shorter exposure time to the EDTA 
(rows 5 vs. 6). Possibly after a prolonged exposure to EDTA 
an equivalent concentration of the calcium ion was not enough. 
It may be that a higher concentration would have resulted in 
a relatively higher percentage germination. Possibly the 
period of contact with the EDTA needs to be shortened. Trans­
ferring the spores to water increased the percentage germina­
tion slightly if they were removed from the EDTA at 3 hours, 
but not at 6 hours (rows 3 vs. 4). Washing the spores with 
water should have removed any chelated cations. Therefore, 
floating the washed spores on water was not expected to in­
crease the percentage germination. Possibly the EDTA had some 
inhibitory effects on the spore membrane, and this was reversed 
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Table 38. Reversal of EDTA Inhibition by floating spores on 
water or calcium chloride (10™3 M) 
Treatment Germination {%) 
time (hrs) after treatment 
Row8, Treatment Exp. 1 Exp. 2 Exp. 3 Exp. 1 Exp. 2 Exp. 3 
(1) Water 3 3 3 61 57 63 
17 24 15 75 59 75 
(2) EDTA 3 3 3 6 6 4 
6 6 6 3 11 4 
(3) EDTA 3 3 3 ' _ M* 
Water 17 24 15 19 34 11 
(4) EDTA 6 6 6 
Water 17 24 15 12 16 5 
(5) EDTA 3 3 3 • «• mm 
CaCl2 17 24 15 50 57 25 
(6) EDTA 6 6 6 • — 
CaOlg 17 24 15 36 43 27 
aThe first horizontal line of figures for each row is the 
time the spores were floated on water or EDTA, and the cor­
responding germination at the end of this time. The second 
horizontal line of figures for a row is the time the spores 
ttere floated after being transferred and the germination. 
by a water wash. Further work would be needed to settle this 
point. 
The fact that EDTA inhibition can be regulated with cal­
cium ions supports the hypothesis made by Couey and Smith (10). 
The native cations bound by the chelator have not been deter­
mined although calcium is a possibility. Analysis of spores 
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for divalent ions before and after an EDTA treatment is neces­
sary. 
Effect of other inhibitors on spore germination 
Shu et, al. (63) have studied inhibitor effects on the 
respiration of whole spores of P. graminis tritici. In this 
present work some of the saine inhibitors have been tested on 
spore germination. It was anticipated that these chemicals 
might reveal some of the metabolic processes in the spore that 
were associated with spore germination. This phase of the 
study was of a preliminary nature. It was intended to do de­
tailed studies on spore respiration with the more promising 
compounds. However, this was not done for reasons mentioned 
above. To avoid the problem of low germination, the chemicals 
were tested on trace amounts of spores in open dishes. Five 
chemicals were tested on greenhouse spores. Four of them were 
enzyme inhibitors. Acetate, while not classified as an in­
hibitor was included in the test because in some buffer stud­
ies this compound inhibited spore germination. The chemicals 
were tested in water and in agar at approximately pH 5.6. 
Table 39 shows that arsenite was the most potent germina­
tion inhibitor on a water medium. On a 10"^ aqueous solu­
tion the germination was less than 12 percent, whereas on 
water it was approximately 60 percent. Iodoacetic acid was 
the next most effective inhibitor. A concentration of 10"^ M 
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Table 39. Effect of water solutions of the inhibitors on 
spore germination 
Germination (%)& 
Spore 
collection Inhibitor o
 i VJI
 Inhibitor conc. 
10"4 10-3 
(M) 
10-2 io-i 
G 25—2—60 Iodoacetate 68 _ 51 _ 
G 29-2-60 « 78 73 72 20 19 
G 16-5-60 H 80 70 66 20 0-1 
G 25—2—60 Fluoride 69 73 • 
G 29-2-60 H 56 59 60 70 0-1 
G 16—5—60 H 78 75 85 84 0-1 
G 25-2-60 Arsenite 62 9 • 
G 29-2-60 II 60 57 11 9 0-1 
G 16—5—60 II 66 73 6 7 6 
G 29-2-60 Malonate 76 79 67 20 
G 16—5—60 H - 84 82 88 19 
G 29-2-60 Acetate M 70 63 48 0-1 
G 16—5—60 II 89 92 94 0-1 
aG 25-2-60 water control germinated 71 percent; G 29-2-60 
water control germinated 75 percent; G 16-5-60 water control 
germinated 80 percent. 
reduced germination to 20 percent from a control value of 
about 75 percent. Fluoride and acetate were not very effec­
tive as inhibitors. A concentration of 10M was required 
for either one to reduce the spore germination an appreciable 
amount. Malonate was the least toxic of all. Even at the 
highest concentration tested the germination was still 20 per­
cent. The experiments on agar tended to confirm those on 
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water although there was more variability in response of the 
two collections to a specific inhibitor. Table 40 shows that 
arsenite was inhibitory at 10"^ M whereas iodoacetate only 
Inhibited at 10"2 u or less. Acetate and fluoride were defi­
nitely inhibitory at 10M while at the other concentrations 
the inhibition was doubtful. Malonate was even less toxic on 
agar than on the water. 
Table 4o. Effect of agar solutions of the inhibitors on spore 
germination 
Germination (%)& 
Spore Inhibitor conc. (M) 
collection Inhibitor 10 "5 10-4 io-J 10-2 io-i 
G 29-2-60 Iodoacetate 64 63 49 6 0 
G 16-5-60 H 35 48 25 9 4 
G 29-2-60 Fluoride 55 53 62 77 0-1 
G 16—5—60 H 48 27 26 28 0-1 
G 29-2-60 Arsenite 45 39 8 7 1 
G 16—5—60 II 80 61 7 5 2 
G 29-2-60 Malonate 47 50 47 51 44 
G 16—5—60 II 25 48 21 43 22 
G 29-2-60 Acetate 65 70 58 43 0-1 
G 16—5—60 II 33 37 28 51 0 
aG 29-2-60 - agar control germinated 59 percent; G 16-5 
60 - agar control germinated 65 percent. 
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An analysis of variance was made on the data in Tables 39 
and 4o. The treatment effect was significant at the 0.01 level 
of probability when germination on the inhibitors was compared 
against a water or agar control. When the germination means 
fer each inhibitor were compared at a concentration of 10"^ # 
by the Duncan multiple range test (16) the inhibitors sepa­
rated into two groups. Arsenite inhibition was significantly 
different from the other four at the 0.05 level of probability 
(Table 41). 
Since arsenite was the most potent inhibitor, it was 
singled out for more work. Arsenite will combine with sulf-
hydryl groups (6) and is known to inhibit lipoic acid mediated 
reactions (29, 36). Therefore, lipoic acid was tested for its 
ability to reverse the arsenite inhibition. The lipoic acid 
concentration was 5 x 10M for all the tests with arsenite. 
The arsenite and the lipoic acid were mixed together in gelatin 
and the pH was adjusted to 6.5- Once the gelatin had set, it 
was dusted with a small number of spores. Table 42 shows that 
in a preliminary screening of several arsenite concentrations 
the arsenite inhibition at 10"^ M was removed by the lipoic 
acid. Arsenite, alone, was inhibitory at concentrations of 
10""^ j[ or more. These results have been confirmed by repeated 
experiments. 
In the preceding experiments the arsenite concentrations 
were varied by a power of 10 so that it was difficult to 
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Table 41. Germination means9, for each inhibitor at a concen­
tration of 10"3 M 
Arsenite aoetate Malonate Fluoride Acetate 
Means 16.05 46.87 49.83 50.52 52.33 
Statistical^ 
significance 
aMeans calculated from arcsine transformation of the 
germination percentages. 
^Any 2 means not underscored by the same line are sig­
nificantly different at the 0.05 level of probability (Duncan 
1955). 
Table 42. Reversal of arsenite inhibition with lipoic acid 
Germination (#) 
Arsenite conc. (M) 
0 10"6 10~5 10™4 10"3 10~2 10"1 
0  6 7  6 7  6 3  6 7  8 . 1  1  
5 x ID"4 53 54 54 48 59 2 2 
closely define the arsenite concentration that was reversed by 
the lipoic acid. To define this more closely, 5 x 10"4 M 
lipoic acid was mixed with several concentrations of arsenite 
in the range of 10~2 to 10"^ jj. Figure 15 shows that the 
Lipoic acid 
(M) 
Figure 15. Reversal of arsenite Inhibition of spore 
germination by 5 x 10M lipoic acid 
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maximum spore germination on the arsenite-lipoic acid combina­
tion occurred at an arsenite concentration of approximately 
5 x 10~4 M. These results were confirmed by a second experi­
ment. The lipoic acid effect was to shift the germination 
curve to the right so that the spores could withstand a higher 
concentration of the arsenite. The lower percentage germina­
tion on the lipoic acid-arsenite combination at the 10™5 to 
10m end of the curve could be explained in one of two ways. 
Either the lipoic acid was slightly toxic to the spores or 
else it was chelating impurities in the agar that were bene­
ficial to spore germination. The cause was not investigated 
further. It was clear that lipoate will reverse arsenite in­
hibition of spore germination when the two were mixed together. 
The next step was to test the ability of lipoate to reverse 
the inhibition after prolonged exposure to the arsenite. 
The spores could be left in contact with the arsenite 
solution for at least 4 hours without loss in germination when 
transferred to lipoic acid. Spores floated on arsenite germi­
nated less than 1 percent. After being washed with water 
then transferred to the lipoate the germination increased to 
75 percent. The water controls germinated 79 percent. There­
fore, the arsenite inhibition was reversible up to at least 4 
hours. Part of the arsenite inhibition was reversible by the 
wash treatment. Spores that were removed from the arsenite, 
washed, then transferred to water germinated 45 percent. 
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It has been demonstrated that arsenite will inhibit spore 
germination. This inhibition can be reversed in part by wash­
ing with water, and completely by addition of lipoic acid. It 
was assumed that the arsenite inhibited by combining with 
groups that are essential for the germination process. Possi­
bly these groups are sulfhydryl although this has not been 
proven. 
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DISCUSSION 
Freshly collected spores of P. coronata germinated read­
ily on gelatin, water, or agar if tested at low density. The 
germination of these spores was usually 70 to 90 percent, al­
though some greenhouse collections germinated only 50 to 60 
percent when freshly collected. With increased time in stor­
age, spore germination decreased steadily. This decrease was 
shown to be reversible by exposing the spores to a saturated 
atmosphere of water vapour, by floating the spores at an oil-
water interface, or by exposing the spores to pelargonaldehyde 
vapour in sealed dishes. 
The most reproducible treatment was to expose the spores 
to a saturated atmosphere of water in a moist chamber. This 
has been termed a conditioning treatment. The treatment re­
versed for a time, at least, the steadily decreasing germina­
tion of stored spores. After 4 to 6 months, the germination 
of conditioned and non-conditioned spores decreased at approx­
imately the same rate. However, the treated spores still 
germinated 15 to 30 percentage units higher than non-condi-
tioned spores (Figures 1 to 4). The spores that did not re­
spond to the treatment were assumed to be dead. The treatment 
was successful with both field and greenhouse spores. However, 
the greenhouse spores, for some unknown reason, did not respond 
for as long a time (Figures 5 and 6). This is the first ex­
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tensive study of this kind. Recently a similar effect was 
reported for the uredospores of P. gramlnis trltici. Leathers 
(37) was able to store spores of high viability on dry wheat 
leaves for longer periods of time if the spores were given a 
moist chamber treatment prior to being placed on the leaves. 
The improved germination after the spores had been 
floated at an oil-water interface confirmed the observations 
made by Hobbs (31). Hobbs had used oil routinely in his ger­
mination experiments. The oil reduced the variability in per­
centage germination observed when trace amounts of spores were 
not evenly distributed over the water agar surface. In the 
present study, the oil or water could have washed an inhibitor 
from the spores (Table 5). However, this would not explain 
the effect of the water vapour or pelargonaldehyde vapour 
treatments (Table 6). It was more likely that an inhibitor 
was being lost by some metabolic processes in the spores while 
they were being floated at the oil-water interface, or exposed 
to the pelargonaldehyde, or water vapours. This would explain 
the action of the latter two treatments in which there was no 
liquid contact between the chemicals and the spores. The oil 
and pelargonaldehyde treatments were not as reproducible as 
the conditioning treatment. However, when the former two 
treatments did function, the magnitude of the response was 
similar for all three. 
Leathers (37) suggested the prolonged higher germination 
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of rehydrated spores stored on dry leaf surfaces could be 
caused by the loss of an Inhibitor during the moist chamber 
treatment. This Is not to say that all stimulation observed 
after a moist chamber treatment can be explained in this way. 
In an extensive study with P. graminls triticl spores, Massey 
et al. of Fort Detrick, Maryland in a personal communication 
(1957) concluded that during a moist chamber treatment the 
rate of absorption of water vapour may be important under some 
conditions, whereas under others, loss of an endogenous in­
hibitor may be the factor accounting for the increased germi­
nation. 
In the present study, there was no simple relation be­
tween the water content of the spores after a moist chamber 
treatment and increase in germination. The spores were fully 
conditioned by 9 hours, yet they had not equilibrated with the 
moist chamber atmosphere. They continued to take up water for 
several hours afterwards. Furthermore, conditioned spores 
imbibed additional water when placed on a liquid surface. The 
water uptake per se did not account for the stimulation, but 
the time allowed for the water to be absorbed by dry spores 
could be important. In the case of spores with very low mois­
ture, such as lyophylized spores, a slow imbibition of water 
could avoid injury that would occur if they were placed di­
rectly onto a liquid water surface (56, 59). This mechanism 
does not explain the observations noted in the present study. 
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The spores decreased in germinability whether they were stored 
in stoppered bottles, or at a constant relative humidity. It 
is very unlikely, in the latter case that the spores eventu­
ally dried down to low enough moisture levels so that water 
uptake on the gelatin irreparably damaged the spores. Yet, 
without a conditioning treatment these spores steadily de­
creased in germination. Furthermore, when the conditioned 
spores were germinated at a high spore density, the percentage 
germination was even lower than that for non-conditioned spores 
germinated at a similar density. If mechanical damage were 
the cause of the low percentage germination of non-conditioned 
spores, the conditioned spores should have displayed a rela­
tively high percentage germination. Finally, the few in­
stances, in which oil stimulated germination could not be 
explained by a slow rehydration treatment of the spores. In 
this case, the stored spores were first placed on water, then 
covered with oil. These spores imbibed water rapidly, and 
apparently without mechanical injury as judged by the subse­
quent germination. The pelargonaldehyde treatment was admin­
istered to dry spores in the absence of water vapour. After 
the treatment, the dry spores were placed on water and germi­
nation was stimulated. 
It is unlikely that the conditioned spores were complete­
ly devoid of inhibitor at the end of the moist chamber treat­
ment. If this were so, the spores germinated at a high 
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density would have germinated as well, after being conditioned, 
as the spores that were germinated at a low density after the 
same treatment. Presumably, at low density the inhibitor was 
depleted to a low enough level to be non-functional. By in­
creasing the number of conditioned spores for the same area of 
the germination medium, one was in effect raising the inhibi­
tor concentration to a level that was functional. A second 
possible explanation is that with spores at low density the 
inhibitor left in the spores was readily lost when the spores 
were placed on gelatin or water. However, with spores at a 
high density, the inhibitor was not readily mobilized, conse­
quently germination was stopped. 
It has been shown that germination of non-conditioned 
spores varied inversely with the size of the population on the 
germination medium. If a low density was used, germination 
was often 70 percent or better whereas with a high density the 
germination was usually less than 30 percent. The self-inhi-
bition could be demonstrated in a variety of germination ves­
sels, and in open or closed systems. It could be demonstrated 
with freshly collected spores, or spores stored for 4 or 5 
months. However, some collections in storage lost the prop­
erty of self-inhibition after 3 or 4 months. These observa­
tions suggested that a germination inhibitor associated with 
the spores might be responsible for the low germination. Pre­
sumably, with a small number of spores the inhibitor coneen-
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tration was low, but with Increased numbers of spores, one was 
in effect concentrating the inhibitor. The association of 
high and low spore germination with spore density on the ger­
mination medium also has been reported for P. gramlnis trlticl 
(2) and Peronospora manschurlca (46). 
The self-inhibited spores could not be stimulated to a 
higher percentage germination by repeated washings with water. 
Moreover, an inhibitory substance could not be detected in the 
float medium. Exposing large spore masses to a large volume 
of air or flushing the vessel with air failed to improve the 
germination. If loops of these spores were transferred to 
fresh water, however, the germination did increase. This 
meant the spores at high density were alive but inhibited. 
Nakato et al. (44) have reported similar observations for P. 
coronata. Apparently, the presence of toxic substances in the 
float medium, or lack of oxygen did not account for the low 
germination of a large spore population. In this respect, P. 
coronata spores seem to differ from those of P. gramlnis 
trlticl and U. phaseoll. In these other rusts an inhibitory 
substance could be extracted from the spores with water, and 
this treatment improved their germination (2, 7)• Nakato et 
al. (44) did extract an inhibitory substance in water from 
freshly killed spores of P. coronata. This extraction was 
carried out at 5°0 over a 10 day period. It still remains to 
be shown that an inhibitor can be removed from live spores of 
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P. coronata as has been done with the other rusts. 
It seems unlikely that water will extract an inhibitory 
substance from live, non-conditioned uredospores of P. 
coronata. However, the extraction could be tried on condi­
tioned spores. Since these spores showed a very low germina­
tion when tested at high density, possibly the inhibitor 
would be concentrated enough to be detected in the float 
medium. 
A more fruitful approach is suggested by the fact that in 
some experiments, spore germination could be increased by 
floating the spores at an oil-water interface. Spores could 
be treated in this way for several days to allow diffusion of 
the inhibitor into the oil or water. Then the oil could be 
tested for an inhibitor by the method of Hobbs (31). Trace 
amounts of spores dusted onto gelatin could be covered with a 
few drops of the oil. This should be done in sealed vessels 
in case the substance is volatile. The water could be tested 
directly by removing an aliquot from beneath the oil, and 
dusting it with small numbers of spores. It should be possi­
ble after further study to find suitable ways to remove the 
oil from the float spores without causing injury to them. 
Then it would be possible to compare their germination at high 
density in the presence and absence of the oil or water extract. 
In a few experiments with P. coronata uredospores there 
was evidence for a volatile inhibitor. When spores were 
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tested at low density on a spore extract, germination was low 
In sealed vessels but not In open vessels. When spores were 
floated on a surfactant at high density, the germination was 
Improved In open but not In closed vessels. On the other hand, 
In experiments designed to demonstrate Inhibition across an 
air gap, the results were Inconclusive. Many of the methods 
employed In this present study were similar to those used on 
P. gramlnis trlticl spores. However, they failed to detect 
an Inhibitory substance In P. coronata spores that was ex-
tractable with water or diffusable Into agar. It was concluded 
that the substance responsible for the inhibition was not de­
tectable by the bio-assay methods employed or else it was less 
stable than the inhibitor in P. gramlnis trlticl spores. 
Despite inconclusive evidence for a water-soluble or 
gaseous substance associated with the self-inhibited spores, 
it was possible to stimulate germination by a chemical treat­
ment. When spores at high density were floated on indole-
acetic acid or coumarin, the percentage germination increased. 
This change was accomplished whether or not the spores were 
conditioned prior to the chemical treatment. These two chemi­
cals, as well as others, have been used to reverse the self-
inhibition of P. gramlnis trlticl spores germinated at high 
density (73). A second chemical treatment, not reported in 
the literature, consisted of floating the spores on a surfac­
tant. Tween-20 or WR-1339 were successful in reversing the 
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self-Inhibition displayed by P. coronata spores germinated at 
a high density. 
The respiration of fresh P. coronata uredospores was 
higher on the surfactants than on water. As the spores aged 
the rates decreased on the water and on the surfactants. On 
all three media the rates for fresh spores were high initially, 
decreased for the first 2 or 3 hours, and then tended to level 
off (Figures 11 and 12). The higher rates on the surfactants 
than on the water could not be accounted for by the increased 
germination because the rates on the surfactants were higher 
for non-germinated than germinated spores. Increased wetta­
bility or oxygen diffusion did not account for the higher 
respiration on the surfactants. The respiratory quotients on 
both Tween-20 and water suggested a fat metabolism so it is 
doubtful that the surfactant effect was caused by a change in 
the substrate being respired for the first 5 hours, at least. 
The rate difference on water and on the surfactants could be 
accounted for by the reversal of a self-inhibition in the 
spores by the surfactants. With fresh spores an endogenous 
inhibitor could have accumulated in the spores once they were 
placed on the media. This would explain the steady decrease 
in rates on water and the accompanying low germination. A 
similar process would also explain the initial decrease in 
rates on the surfactants. However, since the spores did ger­
minate on the surfactants, the inhibitor formation must have 
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been arrested in the first 2 to 3 hours. The self-inhibition 
of spores at high density, and the germination at low density 
decreased with spore age for some collections (Tables 9 and 
11). Aging could account for the smaller rate difference be­
tween water and the surfactants in the case of older spores. 
The cause for the difference in initial rates for fresh spores 
on the 3 media can not be explained at present. Parkas and 
Ledingham (20) reported higher initial rates on coumarin, 
pelargonaldehyde, and 2,4-dinitrophenol than on water. How­
ever, the high rates on these chemicals were maintained for 
several hours before a decrease started. The rates on water 
decreased steadily with time as in the present study. Parkas 
and Ledingham (20) attributed the higher rates to a counter­
action of an inhibitor in the rust spores. 
A variety of chemicals have been reported to overcome 
inhibition of germination and respiration in rust spores caused 
by an endogenous inhibitor. Of these chemicals, coumarin has 
been used routinely as a stimulator. Coumarin and indole-
acetic acid stimulated germination in P. coronata uredospores, 
at high density (Table 27). However, Tween-20 and WR-1339 
were even more effective (Table 24). Although the use of 
surfactants in the present study of rust spores was not origi­
nal, apparently this is the first time they have been reported 
to overcome self-inhibition at high density. To date, the 
mode of action of the chemical stimulators has not been de-
147 
fined. Possibly they have a direct action on the endogenous 
inhibitor, or act indirectly on some reaction sequence con­
trolled by the inhibitor. Until the inhibitor has been iden­
tified, little information can be expected as to how it con­
trols spore germination. Once this has been accomplished, a 
more intelligent hypothesis can be made as to the point of 
action, and the mechanism of action of the stimulators. 
Spore density is not the only factor that determines the 
germination of P. coronata spores. The studies with EDTA in­
dicate that calcium may be required. Possibly other divalent 
cations were removed by the EDTA. but this was not investigated 
in the present study. If other cations were removed by the 
chelator then the reversal of EDTA inhibition by calcium was 
not specific. However, it may be specific for a group of 
closely related cations of a certain valency. It would be of 
interest to compare several cation species for their effi­
ciency in reversing the inhibition by the EDTA.. A further 
project with EDTA should be to determine the point of action 
with respect to the spore. It was not established in the 
present study whether the calcium was chelated from sites on 
the spore surface or from within the spore. Surface localized 
sites that bind cations have been demonstrated for other uni­
cellular organisms (41, 54, 67)• Couey and Smith (10) postu­
lated that P. coronata uredospores could bind calcium and 
magnesium at their surface and that these ions and possibly 
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others were necessary for germination. The present study sup­
ports, in part, this hypothesis. It should be possible, with 
the use of labelled cations to determine the degree of surface 
and internal binding by rust spores. This could be investi­
gated after one had determined the cations most readily able 
to reverse the EDTA inhibition. Establishment of cation ex­
change at the surface of rust spores could be of value in 
explaining the action of nickel fungicides that have been 
shown to control rust on cereals (3, 4?). 
The other metabolic inhibitors failed to shed much light 
on the germination of rust spores. The arsenite inhibition 
and subsequent reversal by lipoate suggested the necessity for 
free sulfhydryl groups in spore germination. The site of 
action of the arsenite was not defined in the present study 
although it could be an oxidative decarboxylation reaction 
(29). Compounds such as cysteine and glutathione should be 
tested for reversal of the arsenite inhibition. This would 
determine the specificity of lipoate for reversal of the in­
hibition observed in this study. The iodoacetate did not 
inhibit as strongly as arsenite. Iodoacetate is known to 
Inhibit by combining with sulfhydryl groups and amines (6, 71). 
Iodoacetate frequently inhibits glycolysis (71)• However, in 
rust spores although the glycolytic enzymes are present (8, 
61) they may not be very active in the initial stages of ger­
mination (63). Low activity of the glycolytic enzymes of 
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germinating spores would also account for the lack of response 
to fluoride. The low inhibition by malonate was not surpris­
ing since it has been reported by other workers (20, 63, 65). 
Malonate is a constituent of P. gramlnls trltici spores and 
may arise from oxaloacetate (66, 74). When these spores were 
germinated on succinate the malonate content increased but on 
water it decreased (65). Malonate may be metabolized by the 
spores during germination and thus account for the low malo­
nate inhibition of germinating P. coronata spores. Of course, 
the response to malonate could be explained by a lack of 
succinoxidase activity in resting spores (65). 
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SUMMARY 
1. Freshly collected field or greenhouse uredospores of 
P. coronata lost their high germination potential as they aged 
in cold storage. This loss in germination potential could be 
almost fully restored for the first four to six months if the 
spores were conditioned by exposure in a saturated moist 
chamber. 
2. Washing the spores with oil, or exposing them to 
pelargonaldehyde vapour could be substituted for the condi­
tioning treatment with equal effect on germination. However, 
the former two treatments were not as reproducible probably 
because of technical problems associated with removing the oil 
or treating with pelargonaldehyde. 
3. Spore density, i.e., the number of spores per unit 
area, was important in controlling spore germination. When 
spores at high density were applied to the medium the percent­
age germination was low. If the spores were conditioned first» 
then germinated at high density, the self-inhibition was 
more marked. When a low spore density was used, the percent­
age germination was high. 
4. The self-inhibition at a high density could be re­
versed in part by floating the spore mass on aqueous solutions 
of coumarin or indoleacetic acid. Aqueous solutions of two 
surfactants, Tween-20 or WR-1339 were even more effective. 
5. Respiration rates were higher on the surfactants than 
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on water. Percentage germination on the surfactants in War­
burg flasks was usually high whereas on water it was low. 
6. The higher respiration rates on the surfactants could 
not be attributed to superior germination because the rates 
for ungerminated spores were equal to or higher than those for 
germinated spores. On any of the three media, the initial 
rates decreased with time. The decrease was more pronounced 
with fresh spores than with spores that had been in cold stor­
age for several months. 
7. The response of spores to a moist chamber, oil, or 
pelargonaldehyde treatment, the self-inhibition at high den­
sity, the decrease in initial respiration rates for the first 
2 to 3 hours, and the reversal of self-inhibition of spores 
at high density by chemical stimulators all may be attributed 
to the presence of an inhibitor in the spores. 
8. No conclusive evidence of an inhibitory substance was 
found either in the water upon which spores at high density 
had been floated, or in the gas phase over such suspensions. 
9. Certain metabolic inhibitors prevented spore germina­
tion. The most effective ones were EDTA and arsenite. The 
EDTA inhibition could be reversed by the addition of calcium 
ion. The arsenite inhibition was reversed by lipoic acid. 
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